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ABSTRACT 


BIODEGRADATION  OF  HYDROCARBONS  AS  A  REMEDIATION  METHOD 
FOR  PETROLEUM  CONTAMINANTS  IN  THE  ENVIRONMENT  OR  AS  A 
TREATMENT  METHOD  FOR  PETROLEUM  WASTES  (A  Review  and 
Analysis  of  Recent  Field  Study  Literature) 

James  Edwin  Lubbers,  M.S. 
University  of  Kansas,  1989 

Professor  in  Charge:   Dr.  Floyd  W.  Preston 


Purpose 

The  U.  S.  Navy  Petroleum  Office  (NAVPETOFF)  is 
developing  future  Navy  petroleum  sludge  disposal  and  soil 
decontamination  procedures.   This  project  was  conducted 
for  NAVPETOFF  to  aid  that  development  by  evaluating  the 
use  of  bacteria  to  eliminate  petroleum  hydrocarbons  as  a 
disposal  or  decontamination  option. 

Procedure 

Electronic  data  base  searches,  interviews  with 
bioremediation  researchers,  and  manual  literature 
searches  were  conducted  to  collect  information  about 
microbial  bioremediation  from  sources  which  postdate  the 
1984  amendments  to  RCRA.   From  that  body  of  information, 
reports  of  field  applications  of  microbial  bioremediation 
on  petroleum  wastes  or  contaminants  were  set  apart  as  the 
primary  references  for  evaluation  development. 

Summaries  of  reported  microbial  bioremediation  methods 
were  developed  and  presented.   These  summaries  are 
introduced  by  a  review  of  the  biologic  limits  and 
processes  of  the  microbes  commonly  used  for 
bioremediation.   The  body  of  these  summaries  describes 
and  illustrates  their  techniques.   Each  summary  concludes 
with  an  evaluation  in  the  form  of  a  report  of  the 
method's  effectiveness. 


Conclusions 
Bioremediation  is  not  universally  applicable.   Where 


site  evaluation  indicates  it  is  feasible,  it  may  not  meet 
local  regulatory  limits.   Optional  remediation  methods 
merit  cost  and  benefit  analysis.   Engineering  and 
political  limits  should  be  defined  during  site 
evaluation.   For  soil  contamination,  a  critical 
engineering  constraint  is  local  geohydrology .   If  the 
petroleum  contaminated  media  has  low  permeability  to 
water,  current  bioremediation  methods  will  have  little 
success.   Soil,  contaminates,  water  and  microbes  interact 
in  a  complex,  and  site  specific  manner.   Bioremediation 
occurs  naturally  but  the  rate  of  remediation  may  be 
enhanced  under  favorable  conditions.   The  risk  of 
increased  toxicity  from  microbial  metabolism  of  target 
and  coincident  contaminants  must  be  understood  and 
accommodated.   Successful  treatments  of  soil 
contamination  in    situ   by  bioaugmentation  will  be  limited 
in  number. 


Recommendations 

The  project  recommends  microbial  bioremediation  be 
considered  one  of  many  pollution  control  tools,  whose 
skillful  and  successful  use  will  require  careful 
preparation.   This  preparation  should  be  coordinated  with 
the  Federal  agency  responsible  for  developing  treatment 
methods  for  petroleum  contamination  and  petroleum  wastes: 
the  Robert  S.  Kerr  Environmental  Research  Laboratory  in 
Ada,  Oklahoma. 
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BIODEGRADATION  OF  HYDROCARBONS  AS  A  REMEDIATION  METHOD 
FOR  PETROLEUM  CONTAMINANTS  IN  THE  ENVIRONMENT  OR  AS  A 
TREATMENT  METHOD  FOR  PETROLEUM  WASTES  (A  Review  and 
Analysis  of  Recent  Field  Study  Literature) 


SUMMARY 

The  U.  S.  Navy  Petroleum  Office  (NAVPETOFF)  is 
developing  future  Navy  petroleum  sludge  disposal  and  soil 
decontamination  procedures.   This  project  was  conducted 
for  NAVPETOFF  to  aid  that  development  by  evaluating  the 
use  of  bacteria  to  eliminate  petroleum  hydrocarbons  as  a 
disposal  or  decontamination  option. 

Electronic  data  base  searches,  interviews  with 
bioremediation  researchers,  and  manual  literature 
searches  were  conducted  to  collect  information  about 
microbial  bioremediation  from  sources  which  postdate  the 
1984  amendments  to  RCRA.   From  that  body  of  information, 
reports  of  field  applications  of  microbial  bioremediation 
on  petroleum  wastes  or  contaminants  were  set  apart  as  the 
primary  references  for  evaluation  development. 

Summaries  of  reported  microbial  bioremediation  methods 
were  developed  and  presented.   These  summaries  are 
introduced  by  a  review  of  the  biologic  limits  and 
processes  of  the  microbes  commonly  used  for 
bioremediation.   The  body  of  these  summaries  describes 
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and  illustrates  their  techniques.   Each  summary  concludes 
with  an  evaluation  in  the  form  of  a  reporr  of  the 
method's  effectiveness. 

Microbial  bioremediation  methods  reported  in  recent 
literature  are  of  two  general  classes.   They  are  labelled 
by  this  project  as  Remove  and  Treat  methods  or  In   situ 
methods.   Remove  and  Treat  methods  involve  transfer  of 
contaminated  material  to  a  site  or  an  equipment  array  for 
treatment.   These  methods  are  of  two  subclasses  which 
involve  either  pump-out  and  treatment  of  contaminated 
ground  water  or  relocation  and  treatment  of  wastes  or 
contaminated  soil.   By  contrast,  in   situ   methods 
eliminate  contamination  where  discovered. 

For  all  three  methods,  this  project  presents  summaries 
of  technique  and  treatment  examples  for  both  petroleum 
wastes  and  contaminated  soils.    For  treatments  of  sludge 
by  microbial  biodegradation,  relocating  these  materials 
to  a  structure  or  area  developed  for  that  purpose  is  the 
most  common  method.   Contaminated  soil  treatments  include 
examples  from  all  three  methods. 

Available  information  on  the  subject  of  microbial 
bioremediation  of  petroleum  wastes  or  contamination 
indicates  it  is  an  effective  cleanup  technology  wliere  its 
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use  is  feasible.   While  many  limitations  to  the  rate  of 
cleanup  may  be  overcome,  if  the  petroleum  contaminated 
material  is  not  permeable,  microbial  bioremediation  will 
be  ineffective.   If  naturally  occurring  bacteria  colonies 
capable  of  degrading  petroleum  contaminants  in    situ   are 
not  available,  microbial  bioremediation  will  be  very 
difficult. 

NAVPETOFF  requested  special  attention  be  given  to 
reporting  the  state  of  the  art  and  apparent  merit  of 
using  specialized  bacteria  for  bioremediation  of 
petroleum  wastes  or  soil  contamination.   Literature  on 
this  subject  calls  this  process  bioaugmentation .   It 
involves  adding  bacteria  into  the  waste  or  contaminated 
site,  which  bacteria  are  known  to  degrade  the  target 
contaminant.   Information  available  at  this  writing 
indicates  bioaugmentation  has  limited  effectiveness  in 
applications  outside  of  carefully  constructed  and 
controlled  treatment  containers.   No  single  or  small 
range  of  bacteria  species  can  reduce  the  complex 
hydrocarbon  molecules  of  petroleum  to  environmentally 
safe  materials.   Many  different  species  interact  in  this 
process.   Modern  biotechnology  cannot  produce 
sufficiently  diverse  bacteria  colonies  capable  of  fully 
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degrading  the  wide  variety  of  hydrocarbons  in  petroleum. 
Furthermore,  bacteria  currently  used  for  bioaugmentat ion 
do  not  survive  very  long  in  the  natural  environment. 
Bioaugmentation  will  seldom  be  a  cost  effective  option 
for  treatment  of  Navy  petroleum  waste  or  contamination 
problems . 

This  project  provides  NAVPETOFF  with  a  single 
reference  which  collates  information  about  petroleum 
hydrocarbon  microbial  bioremediation  from  the  much  larger 
set  of  reports  about  organic  chemical  remediation  and 
bioremediation.   The  specific  conclusions  of  this  project 
emphasize  the  site  specificity  of  microbial  bioremed- 
iation' s  potential.   They  also  stress  the  need  for 
careful  evaluation  of  its  risks  and  benefits  before  and 
during  application. 

I  recommend  microbial  bioremediation  be  considered  one 
of  many  pollution  control  tools,  whose  skillful  and 
successful  use  will  require  careful  preparation.   This 
preparation  should  be  coordinated  with  the  Federal  agency 
responsible  for  developing  treatment  methods  for 
petroleum  contamination  and  petroleum  wastes:  the  Robert 
S.  Kerr  Environmental  Research  Laboratory  in  Ada, 
Oklahoma . 


IX 


I.   INTRODUCTION 

I-A.  Purpose  of  Project 

This  project  involves  a  review  and  analysis  of  re- 
cently published  literature  on  the  use  of  microbes  to 
treat  petroleum  wastes  or  clean  up  petroleum  spills  on 
land.   This  project  responds  to  a  request  from  the  U.  S. 
Navy  Petroleum  Office  for  a  survey  of  literature  on  this 
subject.   Information  from  this  project  will  be  used  to 
"formulate  future  Navy  petroleum  sludge  disposal  and  soil 
decontamination  procedures"  (Carstanjan,  1989) .   Promi- 
sing methods  reported  by  this  project  may  be  subjected  to 
Navy  field  tests. 
I-B.  Nature  of  Reviews 

Each  item  of  literature  reviewed  was  examined  for 
information  to  answer  the  following  questions. 

•   Does  the  document  report  biological  treatment 
methods  which  U.  S.  Navy  could  use  to  solve  environmental 
problems  resulting  from  the  storage  and  transportation  of 
bulk  quantities  of  refined  petroleum  products?   If  so, 
what  are  these  methods? 


•  Are  there  common  elements  in  reports  of  suc- 
cessful biological  treatments  which  the  Navy  should 
include  when  using  this  process? 

•  What  errors  or  failures  are  reported  by  the 
literature  that  may  be  avoided  by  the  Navy  when  using 
microbes  to  treat  petroleum  wastes  or  clean  up  petroleum 
spills? 

•  Where  are  the  sources  of  information  or  assis- 
tance in  this  field  which  are  available  to  the  Navy? 
I-C.  Approach  to  Literature 

I-C-1.  Methods  of  literature  search  employed 

The  methods,  which  revealed  literature  holding  ans- 
wers to  the  questions  above,  fall  into  four  categories. 
These  categories  are  summarized  below  in  decreasing  order 
of  the  volume  of  references  they  produced. 
I-C-l-a.  Electronic  data  base  searches 

A  subject  search  of  the  National  Technical  Informa- 
tion System' s  Silver  Platter  data  base  was  conducted  for 
me  by  librarians  at  the  U.  S.  Environmental  Protection 
Agency's  Cincinnati,  Ohio  Research  Offices.   The  Silver 
Platter  data  base  contains  identification  data  and  ab- 
stracts of  U.  S.  government  sponsored  research  documents. 
Publication  subjects,  and  abstract  texts  were  searched 


for  key  words  sucri  as  "bioremediation, "  (using  microbes 
to  clean  up  environmental  contamination)  "biodeteriora- 
tion, "  "oil  pollution,"  "bacteria,"  and  "microorganisms". 
These  searches  used  such  terms  singly  and  in  combination 
with  each  other.   Candidate  literature  identified  by  this 
process  was  provided  to  me  during  a  research  visit  to 
that  library.   I  reviewed  that  body  of  literature,  and 
those  found  by  my  own  search  of  the  Silver  Platter  Data- 
base conducted  there,  to  determine  how  well  any  given 
document  held  answers  to  the  questions  of  section  I-B. 
I-C-l-b.  Interviews 

During  interviews  with  research  personnel  or  business 
operators  in  the  field  of  bioremediation,  I  asked  them  to 
identify  publications  they  thought  would  be  useful  in  my 
research.   They  often  provided  me  with  copies  of  can- 
didate publications  directly,  from  their  own  files.   They 
were  also  able  to  direct  me  to  sources  of  these  publica- 
tions.  I  reviewed  candidate  publications  identified  by 
this  process  to  determine  the  degree  to  which  they  held 
answers  to  the  questions  of  section  I-B. 
I-C-l-c.  "Daisy  Chain"  reference  searches 

When  an  item  of  literature  related  to  bioremediation 
of  petroleum  contamination  in  the  environment  was  receiv- 


ed,  I  would  carefully  review  the  references  of  that 
document  and  attempt  to  gain  access  to  them.   On  finding 
useful  reports  among  those  references,  I  would  in  turn 
pursue  their  references.   I  would  continue  this  process 
until  I  could  eliminate  a  candidate  because  it  did  not 
answer  the  questions  reported  above,  I  came  full  circle 
to  references  I  already  held,  or  I  determined  it  was  a 
new  candidate. 
I-C-l-d.  Publication  searches 

Publications  such  as  Pollution  Abstracts,  Index  to 
Scientific  and  Technical  Proceedings  and  Science  Cita- 
tions Index  were  manually  searched  by  subject  category. 
Subjects  searched  were  those  from  their  subject  sets 
which  best  matched  the  terms  that  efficiently  produced 
references  during  the  electronic  searches  discussed 
above.   Current  periodicals,  known  through  one  of  the 
previous  methods  to  contain  articles  or  information  about 
bioremediation,  were  manually  searched  for  candidate 
literature  not  yet  catalogued  by  the  Silver  Platter 
database  or  other  abstract  collections.   Candidate 
reports  found  by  these  manual  processes  were  examined  as 
before  to  determine  if  they  answered  the  questions  of 
section  I-B. 


I-C-2.  Scope  of  literature  on  biodegradation 

The  number  of  publications  about  the  interactions  of 
petroleum  and  microbiota  revealed  by  the  methods  of 
literature  search  described  above  was  very  large,  and 
decades  in  vintage  (Atlas,  1981) .   Entire  textbooks  have 
been  prepared  on  the  subject,  whose  references  to  litera- 
ture number  in  the  hundreds  (Atlas,  1984) .   The  National 
Technical  Information  Service  (NTIS)  produces  bibli- 
ographies which  catalog  hundreds  of  published  works  in 
this  field  (NTIS  1988a,  NTIS  1988b) .   One  of  these  bibli- 
ographies, for  example,  lists  173  documents  published  in 
the  period  January  1970  to  January  1988  on  the  subject  of 
"Biodeterioration  of  Oil  Spills"  . 
I-C-3.  Published  literature 

To  maximize  the  practical  utility  of  this  report,  I 
imposed  the  following  conditions  on  published  literature 
discovered  by  searches  reported  above. 

•   The  document  must  report  a  site  demonstration 
or  field  application  of  bioremediation .   The  target  of 
the  remediation  must  have  been  petroleum  wastes/sludges 
or  soil/aquifer  contamination  by  one  or  more  components 
of  the  refined  petroleum  products  received,  stored  and 
distributed  at  U.  S.  Navy  bulk  petroleum  terminals. 


•  The  publication  year  of  documents  which  meet 
the  above  condition  must  not  be  earlier  than  1984. 

Exceptions  were  made  where  a  publication  was  widely 
cited  in  recent  literature  as  fundamental  to  a  specific 
area  or  contained  useful  summaries  of  practical  efforts 
in  the  field  (Atlas,  1981;  Raymond  et  al.,  1976). 

These  limits  served  two  important  purposes: 

•  First,  since  petroleum  hydrocarbons  are  a 
subset  of  a  wide  variety  of  organic  chemicals  subjected 
to  bioremediation  studies,  focusing  on  field  studies  of 
petroleum  biodegradation  minimizes  the  need  to  extrapo- 
late techniques  or  results  to  Navy  problems.   There  are 
many  differences  between  any  two  waste  accumulations  or 
spill  sites.   Minimizing  the  difference  between  Navy 
situations  and  those  reported  in  the  literature  increases 
the  likelihood  that  lessons  learned  from  treatment  or 
research  will  be  useful  to  the  Navy. 

•  Second,  the  selection  conditions  focused 
attention  on  current  developments  in  this  swiftly  chang- 
ing field.   As  reported  by  Clinton  Hall,  Director  of  the 
U.  S.  Environmental  Protection  Agency's  Robert  S.  Kerr 
Environmental  Research  Laboratory  in  his  keynote  speech 
to  the  Fifth  Annual  Symposium  of  the  National  Well  Water 


Association  in  May  of  1985,  research  in  the  field  of 
bioremediation  was  inefficient  and  uncoordinated  before 
calendar  year  1985  (Hall,  1985) .   It  was  the  view  of 
prominent  researchers  and  staff  at  the  Robert  S.  Kerr 
Environmental  Research  Labs  that  except  for  the  Ray- 
mond/Suntech  work  (Raymond,  1974) ,  notable  advancements 
in  the  field  of  organic  contaminant  bioremediation  do  not 
predate  the  1984  amendments  to  RCRA  (Dunlap,  1989;  Hut- 
chins,  1989;  McNabb,  1989) .   I  found  this  opinion  to  be 
an  underlying  assumption  in  much  of  the  literature  on 
this  subject.   It  is  the  basic  assumption,  for  example, 
of  the  report  of  Gosse  et  al .  to  the  Solid  Waste  Manage- 
ment Branch  of  the  Environmental  Protection  agency  (Gosse 
et  al . ,  1985) .   I  have  therefore  developed  this  condition 
in  coordination  with  and  as  result  of  recommendations 
from  experienced  and  influential  researchers  in  this 
field.   Their  opinions  were  independently  verified  by 
publications  they  did  not  influence. 

When  these  conditions  were  imposed  on  candidate 
literature,  the  number  of  documents  which  became  subject 
to  this  project  was  reduced  to  about  100.   These  docu- 
ments are  the  core  of  the  citations  of  this  report. 
Where  a  published  reference  is  cited,  it  emerged  from  the 


methods  for  searching  discussed  above,  and  survived  the 
acceptability  filter  just  reported. 
I-C-4.  Unpublished  research 

Most  of  the  newest  information  about  bioremediation 
is  unpublished.   Research  projects  about  or  applications 
of  bioremediation  which  have  no  public  documentation  are 
generally  of  one  of  two  types:   Never/unlikely  to  be 
published,  or  Not  yet  published. 

A  brief  discussion  of  these  two  types  of  unpublished 
research  will  be  provided  in  the  next  two  subsections  of 
this  report. 
I-C-4-a.  Never/unlikely  to  be  published 

There  are  bioremediation  projects  which  will  not  be 
documented.   This  is  particularly  true  of  industrial 
applications.   As  suggested  by  various  witnesses  before  a 
U.  S.  House  of  Representatives'  committee  (Anon.,  1988a), 
industries  are  applying  the  benefits  of  this  technology 
without  fanfare  or  documentation  for  at  least  two  rea- 
sons . 

•   First,  since  any  publicity  about  environmental 
pollution  from  an  industry  is  considered  bad  publicity, 
firms  want  to  reduce  or  solve  their  environmental  prob- 
lems before  discovery  by  the  public  or,  worse,  by  regu- 


latory  agencies.   The  latter  might  impose  fines  or  com- 
pliance costs  through  additional  administrative  burdens 
of  inspections  and  reports  (Anon.,  1988a;  Smith,  1989; 
Trickett,  1989) . 

•  Second,  where  industries  have  discovered 
successful  techniques  to  solve  environmental  problems  by 
biotechnology,  they  do  not  wish  to  share  this  success  with 
their  competitors  (Smith,  1989;  Wetzel,  1987).  Indeed, 
pointedly  identified  as  out  of  bounds  to  my  interview  with 
their  Operations  Manager  were  details  of  how  DETOX  Indus- 
tries builds  the  biologic  consortia  it  uses  to  clean  up 
contaminated  water  (Galaska,  1989) . 

The  absence  of  published  reports  from  industrial 
applications  does  limit  the  completeness  of  this  document. 
As  will  be  shown,  however,  certain  basic  elements  of 
treatment  technology  are  common  to  bioremediation  efforts. 
Bioremediation  research  has  identified  or  improved  methods 
which  were  exported  to  field  applications  and  became  common 
elements  of  treatment  processes.  As  discussed  below,  I 
interviewed  several  scientists  and  engineers  active  in 
research  to  discover  or  refine  bioremediation  techniques. 
They  had  worked  with  or  knew  about  commercial  bioremedia- 
tion.  Their  knowledge  of  the  field  as  captured  by  these 


interviews  filled  some  of  the  gaps  in  published  literature 
about  industrial  use  of  bioremediation . 
I-C-4-b.  Not  yet  published 

During  this  research,  I  found  that  new  and  often  times 
promising  technology  is  not  yet  documented.  Developments 
in  technology  which  are  occurring  and  being  implemented  in 
1989,  such  as  aerobic  denitrif ication,  were  dismissed  as 
impossible  three  or  four  years  ago  (Dunlap,  1989;  Hutchins, 
1989;  Hutchins  and  Wilson,  1989;  Kuhn  et  al . ,  1988;  Major 
et  al.,  1988)  .  Although  I  am  unable  to  cite  printed 
references  about  this  type  of  research,  I  have  compensated 
for  this  limitation  as  follows.  I  have  included  infor- 
mation from  interviews  with  representatives  of  industries 
who  already  use  bioremediation  in  their  business  endeavors 
and  seek  new  and  better  uses  of  it  (Galaska,  1989; 
Trickett;  1989).  To  gather  information  about  current  but 
unpublished  research,  I  interviewed  research  personnel  at 
the  leading  edges  of  technology  development  in  this  field. 
I  have  included  and  cited  information  from  these  interviews 
where  appropriate  (Dunlap,  1989;  Glaser,  1989;  Hains,  1989; 
Hutchins,  1989;  McNabb,  1989) . 
I-C-5.  Relation  of  search  to  U.  S.  Navy  needs 
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Development  of  the  conditions  which  limit  source 
documents  for  this  review  and  analysis  was  coordinated  with 
the  U.  S.  Navy  Petroleum  Office  during  plan  of  action 
conferences  in  July  and  August  1989  (Schmokel,  1989)  . 
During  those  conferences,  a  Navy  representative  endorsed 
these  conditions  as  serving  the  letter  and  spirit  of  the 
call  for  this  literature  search  (Schmokel,  1989; 
Carstanjan,  1989) .  In  August  1989  the  U.  S.  Navy  Petroleum 
Office  was  provided  with  a  summary  and  the  recommendations 
of  this  document.  The  limiting  conditions  discussed  above 
were  reexamined  at  that  time;  full  approval  of  these 
conditions  and  my  approach  to  literature  on  this  subject 
was   provided    (Schmokel,     1989) . 
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I I .   BACKGROUND 

II-A.  Definition  of  Hydrocarbon  Biodegradat ion 

Many  hydrocarbon  components  of  refined  petroleum 
products  have  been  well-documented  as  potential  sources  of 
biological  activity  for  a  wide  variety  microbes  (Atlas, 
1981;  Britton,  1989;  Chapelle  and  Morris,  1988;  Galaska  et 
al.,  1989;  Lee  and  Levy,  1989;  Swindell,  1988;  Wetzel  et 
al.,  1987)  .  A  major  factor  in  the  fate  of  petroleum 
hydrocarbons  released  into  the  environment  is  their 
consumption  or  breakdown  by  microbes  (Atlas,  1988;  Major  et 
al.,  1989;  Stover,  1989).  Microbial  biodegradat ion  of 
hydrocarbons,  then,  is  the  biochemical  reduction  of  their 
complex  molecules  to  simpler  molecules  as  microbes  use 
them   in    support    of    life   processes. 

II-B.    Relation    of   Biodegradation   Research   to    Environmen- 
tal   Concerns 
II-B-1.    Responses    to    environmental    concerns 

A  general  increase  in  efforts  to  solve  environmental 
problems  caused  by  organic  chemical  contamination  has 
occurred  in  the  past  decade.  These  efforts  have  employed 
a  variety  of  methods,  biodegradation  of  contaminants  among 
them.       Studies    of   bioremediation    as    a    clean-up   method    for 
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the   environmental    problems    caused  by   extraction,    transport, 
refinement    and  use    of   petroleum   is    well-dispersed    in   this 
larger   body    of   effort. 
II-B-2.    Catalysts    to    concern    and   research 

The  recent  increase  in  research  and  publications  on  the 
subject  of  remediation  of  environmental  pollution  stems 
largely  from  incentives  introduced  by  environmental  laws 
and  regulations.  Specific  among  the  laws  which  spur 
remediation  research  in  the  United  States  are  the  Compre- 
hensive Environmental  Response,  Compensations  and  Liability 
Act  (CERCLA)  of  1980,  the  Resource  Conservation  and 
Recovery  Act  (RCRA)  as  amended  in  1984,  and  analogous 
legislation  at  state  levels.  These  laws  and  regulations 
mandate  monitoring  and  elimination  of  sources  of  ground 
water  contamination  (Bowlen  and  Kosson,  1988;  Chowdhury, 
1986;  Harris,  1987;  Leach  et  al.,  1988;  Offutt  et  al., 
1988;  Trickett,  1989;  Wilson,  J.  T.  et  al.,  1988). 
II-B-3.    Options    to    address    environmental    concerns 

Many  methods  are  available  to  control  or  reduce 
environmental  contamination.  Waste  minimization,  material 
recovery,  or  process  modification  are  methods  of  avoiding 
contaminant  or  waste  problems  entirely.  Clean  up  or 
remediation    options,     in    addition   to   bioremediation,     include 
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incineration,    wet    air   oxidation,     landfill,    in    situ    fixation 
(vitrification) ,    or    in   situ  volatilization    and   recovery    . 

Of  the  various  remediation  methods,  many  local  enfor- 
cement officials  have  yet  to  accept  bioremediat ion  of 
petroleum  contaminants  as  a  demonstrated  technology.  They 
are  unaware  of  its  success  and  merit,  and  are  unwilling  to 
approve  its  use.  This  may  effectively  eliminate  biotreat- 
ment  as  an  option  regardless  of  its  engineering,  economic, 
or  technical  merit  (Yaniga  et  al.,  1985) .  An  alternative 
cleanup  process  may  be  politically  imposed.  Some  evidence 
shows  this  trend  to  be  reversing  however.  For  example,  in 
situ  bioremediation  of  a  gasoline  spill  in  California  has 
recently  been  declared  successful  and  complete  (Anon., 
1988b)  .  In  another  situation,  the  Sugar  Creek  Missouri 
Refinery  sludge  clean-up  project  has  been  approved  for 
bioremediation.  This  project  is  especially  noteworthy  in 
this  regard  since  it  is  designated  a  RCRA  site  (Anon., 
1988c;  Anon.,  1989b;  Shepard,  1989). 
II-B-4.    The    option    of   bioremediation 

One  way  of  solving  the  environmental  problems  created 
by  spills,  leaks,  or  petroleum  waste  products  is  bio- 
remediation. Publications  which  reflect  attempts  to 
capitalize    on    and   apply    the    hydrocarbon    degrading    (hydro- 
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carbonoclastic)  capability  of  microbes,  rather  than  simply 
characterize  or  report  this  ability,  have  increased  as 
successful  applications  of  this  biotechnology  have  begun  to 
occur.  The  increase  in  the  number  of  these  publications  is 
most  notable  in  the  last  5  years  (Anon.,  1988a;  Baker  et 
al.,  1988;  Hurlburt,  1987;  Keely  et  al . ,  1987;  Rifai,  1988; 
Shepard,  1989;  Thomas,  et  al.,  1987a;  Wilson,  J.  T.  and 
Ward,  1987;  Wilson,  J.  T.  et  al.,  1986). 
II-B-5.  Priority  of  efforts 

An  important  overview  factor  emerges  from  an  examina- 
tion of  recent  literature  about  biodegradation  of  petroleum 
wastes  or  bioremediation  of  petroleum  hydrocarbon  contamin- 
ants in  the  environment .  This  factor  is  the  intense  focus 
on  treatment  of  contaminated  water,  particularly  of 
contaminated  ground  water. 

Petroleum  waste  accumulations  or  contamination  which 
did  not  reach  surface  waters  or  aquifers  because  they  were 
fixed  in  the  unsaturated  zone  of  the  soil,  or  were  kept  out 
of  contact  with  these  waters,  generally  received  little 
attention  in  research.  This  is  so  for  a  variety  of 
reasons.  Preeminent  among  them  is  the  perceived  low  threat 
to  public  health  from  such  situations  (Hurlburt,  1987; 
Trickett,  1989) . 
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There  is  another  reason  why  petroleum  wastes  or  spills 
which  did  not  impact  aquifers  received  little  attention 
historically.  This  second  reason  is  the  limit  on  the 
authority  of  agencies  which  enforce  environmental  law.  The 
jurisdiction  of  the  U.  S.  Environmental  Protection  Agency 
(EPA)  is  limited  to  surface  waters,  outside  the  boundaries 
of  an  installation  (public  waters)  and  to  pollution  in  the 
atmosphere.  (These  limits  are  superseded  if  the  contamin- 
ated area  is  identified  as  a  RCRA  or  Superfund  site) .  The 
various  state  agencies  with  primacy  of  enforcement  of 
environmental  legislation  have  the  same  limit  as  described 
for  the  EPA,  except  their  jurisdiction  often  includes 
ground  water  beneath  an  installation,  when  that  ground 
water  communicates  with  surface  waters  external  to  the 
installation  boundaries.  These  jurisdiction  limits  focus 
regulatory  attention  on  air  and  water  pollution. 
II-C.    Basic    Concepts 

A  brief  introduction  to  the  biochemistry  by  which 
microbes  reduce  the  complexity  of  hydrocarbons  in  petroleum 
will  help  the  reader  understand  the  various  treatment 
methods  reported  later.  Such  an  introduction  will  be 
presented  shortly  through  summaries  of  germane  literature. 
Before   beginning   the   presentation    of    these    summaries. 
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however,  two  basic  principles  of  biology  will  be  reviewed. 
These  principles  guide  the  design  of  b i o r emedi at i on 
systems . 
II-C-1.   Liebig's  Law  of  the  Minimum 

Liebig's  Law  of  the  Minimum  states,  "the  total  yield 
or  biomass  of  any  organism  will  be  determined  by  the 
nutrient  present  in  the  lowest  (minimum)  concentration  in 
relation  to  the  requirements  of  that  organism"  (Atlas  and 
Bartha,  1987) .  To  relate  this  to  microbes,  this  means  that 
from  any  given  set  of  nutrients,  some  item  or  other  they 
require  for  life  will  run  out  first.  As  that  item  begins 
to  run  out,  it  will  limit  their  further  vitality  and 
propagation. 
II-C-2.  Shelf ord's  Law  of  Tolerance 

Atlas  and  Bartha  (Atlas  and  Bartha,  1987)  interpret 

this  law  to  state: 

the  abundance  of  organisms  in  an  ecosystem 
requires  a  complex  set  of  conditions  .  .  .  For  an 
organism  to  succeed  in  a  given  environment,  each 
of  these  conditions  must  remain  within  the 
tolerance  range  of  that  organism  and  if  any 
condition  .  .  .  exceeds  the  maximum  or  minimum 
tolerance  of  the  organism,  the  organism  will 
cease  to  thrive  and  will  be  eliminated. 

Thus,  the  presence  of  nutrients  in  adequate  quantities  will 

not  guarantee  the  life  and  vigor  of  a  bacteria  colony. 

Starvation  is  not  the  only  way  a  bacteria  colony  can  die. 
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Many  other  environmental  events  or  conditions  control  their 

survival  and  vitality. 

II-D.  Specific  Biodegradation  Processes 

With  these  two  basic  principles  of  biology  in  mind,  let 
us  examine  the  biochemistry  of  microbial  biodegradation  of 
petroleum  hydrocarbons.  Microbial  biodegradation  of 
organic  molecules  generally  proceeds  by  one  of  three 
biologic   pathways.       These    are    classified   as   processes    of: 

•  Fermentation 

•  Anaerobic  respiration 

•  Aerobic  respiration. 
Petroleum-degrading  microbes  which  exhibit  these  processes 
are  most  often  those  which  use  organic  molecules  both  as  an 
energy  source  and  as  a  source  of  carbon  for  their  cellular 
structure.  These  double  action  microbes  are  called 
heterotrophic  (Stover,  1989)  .  In  the  following  paragraphs, 
a  brief  description  of  the  three  biologic  processes  by 
which  heterotrophic  bacteria  metabolize  organic  molecules 

(to  include  petroleum  hydrocarbon)  will  be  presented.  An 
assessment  will  be  provided  of  the  relative  importance  of 
each  of  these  processes  in  currently  documented  bioremedia- 
tion  of  environmental  problems  related  to  the  petroleum 
industry . 
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II-D-1.  Fermentation 

When  a  microbe  metabolizes  an  organic  molecule  by 
fermentation,  it  benefits  from  a  series  of  enzyme-mediated 
reactions  which  do  not  involve  an  electron  transport  chain. 
The  enzymes  which  react  with  organic  molecules,  to  the 
benefit  of  the  microbe,  are  secreted,  excreted,  or  provided 
by  it  for  this  purpose.  Research  on  the  use  of  fermenting 
microbes  to  degrade  hydrocarbons  common  to  petroleum  is 
very  new.  Some  work  has  begun  to  determine  how  best  to  use 
certain  white  rot  fungi  which  can  secrete  enzymes  known  to 
perform  the  initial  oxidation  of  complex  organic  components 
in  wood  preservation  wastes.  Other  than  this  work, 
fermentation  has  had  very  little  application  to  the 
problems  of  waste  remediation.  I  found  no  documented 
applications  of  fermenting  heterotrophs  to  the  problem  of 
petroleum-contaminated  soils.  Understanding  and  applica- 
tion of  this  type  of  heterotrophic  bacteria  is  truly  at  its 
genesis  (Glaser,  1988;  Glaser,  1989;  Glaser  et  al.,  1989; 
Stover,  1989) . 
II-D-2.    Anaerobic    respiration 

When  a  microbe  metabolizes  an  organic  molecule  by 
anaerobic  respiration,  "it  breaks  down  the  carbon  and 
energy    source   by    a    series    of   enzyme-mediated   reactions    in 
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which    sulfates,    nitrates    and   carbon    dioxide    serve    as    the 

external    electron    acceptors"     (Stover,     1989)  .      Although 

there    have   been    some    limited   applications    of   anaerobic 

heterotrophs   to   petroleum  wastes    and   land   spills,    the   use 

of   this    type    of   bacteria    is    rare    outside    of    certain    special 

waste    water   treatment    plants     (Lee    and   Ward,     1985;    Thomas    et 

al.,     1987a)  .      As    recently    as    1988,     in   the    context    of 

discussing   complete    reduction    of    organic    contaminants    to 

carbon   dioxide    and   water,    Kuhn   et    al.     (Kuhn   et    al.,     1988) 

reported 

metabolism  of  [benzene,  toluene  and  xylene]  in 
the  absence  of  molecular  oxygen  has  never  been 
demonstrated  under  pure  culture  conditions,  and 
only  data  from  field  studies  in  polluted  aquifers 
suggest  that  a  slow  degradation  may  be  possible. 

Atlas  states  "the  question  of  whether  anaerobic  hydrocarbon 

metabolism  occurs  has  been  quite  controversial"  (Atlas, 

1988)  .   He  goes  on  to  list  some  work  from  the  1960s  and 

early  1970s  which  reported  some  anaerobic  biotransformation 

of  molecular  structure  for  organic  chemicals.   Complete 

degradation  of  petroleum  hydrocarbons  by  solely  anaerobic 

processes  is  not  documented.   Mayfield  (Mayfield,  1989) 

expresses  reservations  about  the  type  of  studies  listed  by 

Atlas:   "one  compound/one  organism",  and  suggests  they  may 

not  reveal  what  is  happening  in  nature.   Mayfield  further 
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endorses  Kuhn  et  al.'s  summary  of  field  studies  about 
anaerobic  bioremediation  when  he  states  "Field  studies  with 
adequate  controls  are  sparse."  It  is  easier  to  find 
denouncements  or  dismissals  of  the  use  of  purely  anaerobic 
microbes  for  bioremediation  of  organic  contaminants  than 
endorsements  of  or  documented  research  about  using  them 
(Anon.,  1985;  Atlas,  1988;  Britton,  1989;  Hurlburt,  1987; 
Lee  et  al.,  1988;  Thomas  et  al . ,  1987a;  Wilson,  B.  H.  et 
al . ,  1986b;  Wilson,  J.  T.  et  al.,  1988).  In  some  recent 
and  current  research,  interest  centers  around  the  use  of 
nitrate  as  an  electron  acceptor  in  a  process  called  aerobic 
denitrif ication .  This  technique  attempts  to  combine  the 
service  of  anaerobic  microbes  which  use  nitrate  as  an 
electron  receptor,  and  truly  aerobic  bacteria,  to  gain 
benefit  from  both  (Bowlen  and  Kosson,  1988;  Britton,  1988; 
Grbic-Galic  and  Vogel,  1987;  Hutchins,  1989;  Hutchins  et 
al.,  1989;  Reinhard,  1984;  Major  et  al.,  1988;  Zeyer  et 
al.,  1986) . 
II-D-3.    Aerobic    respiration 

When  a  microbe  metabolizes  an  organic  molecule  by 
aerobic  respiration,  oxygen  is  the  electron  receptor  in 
enzyme-controlled  reactions  which  change  the  molecule  from 
its    initial    state    to    a    simpler    form.       Carbon    not    used    for 
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cell  structure  will  eventually  be  released  as  carbon 
dioxide  (Atlas  and  Bartha,  1987;  Grubbs  and  Molnaa,  1988; 
Lee,  1989;  Stover,  1989)  .   Aerobic  heterotrophs  are  the 
most  widely  used  bacteria  for  bioremediation  of  petroleum 
hydrocarbon  problems.   Study  of  what  best  nurtures  their 
metabolism  of  petroleum  has  been  extensive  (Anon.,  1985; 
Chowdhury,  1986;  Galaska  et  al.,  1989;  Hater,  1988;  Lee, 
1989;  Matson,  1985;  Spain  et  al . ,  1989;  Thomas  and  Ward, 
1989;  Wetzel,  1987;  Wilson,  J.  T.  et  al.,  1986).   For  all 
practical  purposes,  when  discus- 
sing the  subject  of  bioremediation  as  a  method  to  control 
petroleum  wast es / s ludge s  or  as  a  process  to  clean  up 
petroleum  spills,  aerobic  microbes  may  be  understood  to 
comprise  the  active  degraders  (Hurlburt,  1987;  Smith  and 
Collins,  1984;  Stetzenbach,  1986) . 
II-E.  Summary  of  Biometabolism  Review 

No  one  bacteria  species  does  the  entire  job  of  breaking 
down  a  complex  organic  molecule  to  environmentally  safe 
material.  Groups  of  bacteria  work  together.  Each  species 
has  its  own  role  in  a  process  of  many  individual  steps. 
Their  combined  efforts  are  required  for  successful  treat- 
ments (Dunlap,  1989;  Field  et  al.,  1988;  Glaser,  1989; 
Hains,  1989;  Kuhn  et  al.,  1988).   Whatever  the  process  used 
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by  the  degrading  microbes  to  reduce  the  complexity  of 
petroleum  hydrocarbons,  many  different  kinds  of  nutrients 
will  be  required.  A  properly  designed  bi or emedi at  ion 
system  will  cause  the  contaminate  which  the  treatment  is 
intended  to  remove  to  be  the  limiting  nutrient  (Chowdhury, 
1986;  Galaska,  1989;  Galaska  et  al.,  1989;  Hains,  1989; 
Hutchins,  1989).  Whether  expressed  or  not,  the  intent  of 
the  design  of  bi or emedi at i on  systems  for  cleanup  of 
petroleum-contaminated  media    is    twofold: 

•  Manipulation  of  the  immediate  environment  of  the 
degrading  organisms  in  accordance  with  Liebig' s  Law  of  the 
Minimum. 

•  Maintenance  of  the  environment  of  the  degrading 
organisms  within  their  tolerances  to  temperature,  salinity, 
pH  and  other  features  of  their  physical  or  chemical 
surroundings  in  accordance  with  Shelf ord's  Law  of  Toler- 
ance . 

If  petroleum  hydrocarbons  are  available  nutrients, 
other  nutrient  requirements  are  met,  and  environmental 
factors  are  within  tolerance,  hydrocarbonoclastic  bacteria 
can   use    those    hydrocarbons    for    food. 


23 


III.        BENEFITS    OF    BIOREMED lATION 

The  attractiveness  of  applying  bioremediat ion  tech- 
nology to  problems  of  petroleum  pollution  in  soil  and  water 
stems    from   two    sources. 

•  First,  its  successful  application  can  yield 
destruction  of  petroleum  pollution  to  the  limits  of 
detection.  In  the  ideal  case  bioremediat ion  of  petrol- 
eum-contaminated media  produces  carbon  dioxide  (CO,)  ,  water, 
clean  media  and  environmentally  safe  biomass  (Atlas,  1981; 
Field  et  al.,  1988;  Galaska  et  al . ,  1989;  Kuhn,  1988;  Lee, 
1989;    Lee    et    al.,     1988;    Wilson,    J.    T.    et    al.,     1988). 

•  Second,  a  strong  driving  force  behind  the 
popularity  of  this  successful  method,  is  the  historically 
low  cost  of  bioremediat ion  of  petroleum-contaminated  media 
(Harris,  1987).  The  cost  of  bioremediat ion  is  variously 
quoted  as  8-25%  that  of  incineration,  15-50%  that  of  in 
place  fixation,  18-60%  that  of  off-site  land  fill  (Anon., 
1988a;  Grubbs  and  Molnaa,  1988;  Lee  et  al.,  1988),  and 
30-60%  that  of  air  strippers  or  carbon  adsorption  treat- 
ments for  removal  of  volatiles  (Chowdhury,  1986;  Lee  et 
al. ,     1988)  . 
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IV.   ENVIRONMENTAL  RISKS  FROM  BIOREMEDIATION 

For  certain  chemicals  which  microbes  can  use  as  food 
sources  (substrates),  harmful  byproducts  may  result  as 
these  chemicals  are  metabolized  by  the  organisms.  Some 
biodegradation  products  are  more  toxic  than  is  the  original 
contaminant.  The  classic  example  of  this  problem  is  the 
contaminant  t r i chl or oet hy lene  .  Bi o remedi at i on  of  it 
commonly  produces  the  more  toxic  vinyl  chloride  as  a 
product  (Torpy  et  al.,  1989;  Wilson,  B.  H.  et  al.,  1986c). 
Certain  other  halogenated  hydrocarbons,  in  use  as  pesti- 
cides, are  known  to  produce  less  chemically  complex  but 
more  toxic  compounds  when  biodegraded  (Konieczny  et  al., 
1985) .  Literature  in  this  area  suggests  this  problem  is 
not  encountered  if  the  only  candidates  for  bioremediat ion 
are  petroleum  hydrocarbons.  In  the  field  however,  contam- 
inated sites  and  media  are  commonly  a  mixture  of  fuels, 
solvents  and  waste  materials.  At  the  site  of  Navy  fuel 
spills  or  petroleum  sludge  accumulations,  fuel  additives 
and  metal  contaminants  will  commonly  reside  along  with 
petroleum  hydrocarbons  in  the  contaminated  zone/material. 
There  may  be  risk  of  increased  toxicity  in  the  treatment 
zone  through  biodegradation  of  these  other  contaminants. 
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This  risk  must  be  systematically  evaluated,  fully  under- 
stood and  appropriately  mitigated. 
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V.   TREATMENT  METHODS  REPORTED 

V-A.  Classification  of  Methods 

Methods  of  environmental  cleanup  of  petroleum  pollution 
by  microbial  action  may  be  conveniently  divided  into  two 
classes . 

•  Removal  of  the  contaminated  medium  and  treatment 
at  a  distance  from  the  contaminated  site;  Removal  and 
treatment . 

This  class  of  treatment  techniques  is  conveniently 
divided  into  two  sub-classes: 

•  Pump-out  and  treatment  of  ground  water. 

•  Relocation  and  treatment  of  petroleum- 
contaminated  soils/sludges. 

•  Treatment  of  the  contaminated  medium  in  place 
with  little  or  no  movement  or  transportation  of  the 
polluted  material:  referenced  in  most  literature  by  the 
Latin:  in  situ.  In  situ  treatments  may  be  applied  alone 
or  in  combination  with  other  processes. 

This  chapter  presents  these  classes  of  treatment 
techniques  in  the  following  sequence:  the  two  Remove  and 
treat  method  sub-classes  will  be  presented  first,  followed 
by  a  presentation  of  in    situ   methods.   For  each  method,  an 
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initial    section   describes    its    techniques.       Following   this 

description,    tables    of   examples    are   presented,    one   each    for 

the    two    sub-classes    of   Remove    and   treat    techniques,    and    one 

for    in    situ   treatments.       Immediately    after    each   table    will 

be    an   evaluation    of   the    importance    or    utility    of    the 

method. 

V-B .  Removal  and  Treatment 

V-B-1 .  Pump-out  and  treatment  of  ground  water 

V-B-l-a.  Description  of  process 

Petroleum  products  can  spread  outward  and  downward  into 
soil,  through  the  soil's  upper  layers,  toward  or  until  they 
reach  an  aquifer.  If  they  reach  an  aquifer,  they  may  then 
travel  more  quickly  on  or  with  its  fluids  to  places  where 
the  health  or  quality  of  life  of  inhabitants  of  the 
environment  will  be  degraded  by  their  effect  (Barker,  et 
al.,  1987/  Mackay  and  Cherry,  1989;  Reinhard  et  al.,  1984; 
Shepard,  1989;  Spain,  1989;  Wilson,  B.  H.  et  al.,  1986a; 
Wilson,  B.  H.  et  al.,  1986b;  Wilson,  J.  T.  and  Ward,  1987). 
Pump-out  and  treatment  of  ground  water  attempts  to  reverse 
this  process.  Water  is  taken  out  of  the  ground  and 
contaminants  removed.  The  water  is  then  discharged 
off-site    or    reintroduced   within   the    contaminated   site. 
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Of  the  multitude  of  chemicals  in  petroleum  products 
which  could  be  transported  in  or  with  ground  water  in 
aquifers,  aromatic  hydrocarbons  have  received  dispropor- 
tionate attention  as  producing  risks  to  human  health. 
Spills  on  or  into  soil  of  lighter  grades  of  refined 
petroleum  fuels  are  most  likely  to  cause  contamination  of 
aquifer  water  with  aromatic  hydrocarbons.  Although 
comprising  one-half  or  less  by  weight  of  common  refined 
fuels,  such  as  unleaded  gasoline,  kerosene,  or  No.  2  Fuel 
Oil,  aromatic  hydrocarbons  comprise  more  than  93%  of  the 
contaminants  in  water-soluble  fractions  of  these  fuels. 
Human  exposure  to  aromatic  hydrocarbons  is  regulated 
because  of  cancer  risks  these  hydrocarbons  may  cause 
(Stetzenbach,  1986;  Wilson,  B.  H.,  1986a;  Wilson,  J.  T.  et 
al . ,  1988) .  Many  regulatory  agencies  identify  contamina- 
tion problems  and  monitor  the  progress  of  treatment  by 
measuring  concentrations  of  only  three  kinds  of  aromatic 
hydrocarbons  commonly  found  in  refined  fuels:  benzene, 
toluene    and   xylene    (BTX)     (Galaska,     1989) . 

With  water  transport  so  important  in  the  spread  of 
risks  to  human  health,  and  with  government  regulatory 
authority    and    interest    concentrated   on    this    contaminant 
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transport  media,  the  historic  focus  of  research  attention 
and  cleanup  activity  on  water  is  easily  explained. 

When  biological  methods  are  used  for  cleanup  of 
petroleum-contaminated  ground  water,  they  are  often 
applications  of  established  water  treatment  technology  (Lee 
and  Ward,  1985) .  Various  methods  of  pump-out  and  treatment 
of  ground  water  discovered  in  recent  literature  are  briefly 
explained  below: 
V-B-l-a-(l).  Fixed-film  bioreactors 

Fixed-film  bioreactors  are  devices  which  provide  a 
surface  to  which  hydrocarbonoclast ic  bacteria  colonies 
attach.  Mounting  these  surfaces  inside  a  container,  which 
may  be  a  vessel  as  small  as  a  9  foot  long  cylinder,  6  feet 
in  diameter,  limits  the  extent  of  the  bacteria  colony. 
Within  this  small  volume,  its  environment  can  be  effec- 
tively monitored  and  controlled  to  maximize  vitality  within 
its  range  of  tolerance  while  the  contaminant  it  is  cleaning 
is  delivered  in  efficient  concentration  (Skladany  et  al., 
1987) .  Figure  1  is  a  schematic  of  the  equipment  and  flow 
pattern  in  a  fixed-film  bioreactor. 

Aerobic  bacteria  colonies  are  often  established  in  such 
reactors,  yielding  the  requirement  to  monitor  and  ensure 
adequate  supplies  of  oxygen  (Stover,  1989) . 


30 


>.\/ent 


Tantt 


S^ 


RoH:     Hign  oH 
RHpH:    HIgn  High  pH 
FC:        flou;  Control 
If  fl:      rioio  riot»  fllorm 
IPfl:      lou»  Protfurtt  flierm 
LTR:      Lom  Temoflraturt  Alarm 


Existing   Csr&on   Catumna   and   Tanits 


Note:  Contaminated  water  enters  at  the  point  labelled 
"Leachate";  COj  produced  by  degrading  bacteria  is  carried 
out  with  circulating  air  at  the  point  labelled  "Vent". 

Figure  1.  Schematic  of  the  equipment  and  flow  pattern  in 
a  fixed  film  bioreactor 


Source:   Adapted  from  Skladany  (1988) 
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Inoculant  bacteria  to  fixed-film  bioreactors  may  come  from 
a  variety  of  sources.  As  in  other  systems,  they  may  be 
introduced  from  cultures  established  in  reactors  already  in 
use.  They  may  be  prepared  consortia  developed  in  a 
laboratory  (a  situation  exhibiting  the  successful  "use  of 
selected  bacteria"  discussed  by  the  implementing  letter  to 
this  research  (Carstanjan,  1989)).  Cultures  may  also  be 
established  from  sewage  or  waste  treatment  sludges,  from 
native  bacteria  resident  in  soils  local  to  the  site  of 
contamination  -  ideally  those  extracted  from  areas  of 
natural  attenuation  of  the  spill  which  are  already  adapted 
to   the    contaminant    to   be   treated    -    or 

from  other  sources  (Anon.,  1988b/  Anon.,  1988c;  Burton  and 
Kent,  1988;  Galaska,  1989).  Once  the  degrading  colony  is 
established,    treatment    may    commence. 

Contaminated  water  is  passed  over  the  bacteria  colonies 
inside  the  bioreactors.  This  water  may  require  pretreat- 
ment  .  Nutrient  requirements  for  the  colony  such  as 
nitrates  or  phosphorus  are  monitored  and  supplied  where 
deficient.  Other  pr et r ea t ment s  may  be  necessary  to 
mitigate  stress  to  the  bioreactor  microbes.  These  may 
include  heating  or  pH  buffering.  The  rate  of  water  flow 
across   the   colony    (generally   called  the   biofilm   in    fixed- 


32 


film  bioreactors)  is  adjusted  to  provide  sufficient  contact 
time  between  the  contaminated  water  and  the  biofilm  for 
uptake  of  contaminants  by  the  resident  bacteria  while 
providing  sufficient  shearing  force  by  that  water's 
movement  across  the  face  of  the  biofilm  to  strip  off  dead 
or  decaying  microbes  (Skladany,  1987)  .  This  stripping 
ensures  efficient  contact  between  contaminated  water  and 
active  biodegraders .  Failure  to  remove  this  excess  biota 
(biomass)  can  quickly  yield  fouling  and  plugging  of  the 
bioreactor,  impeding  or  eliminating  flow  of  water  through 
it. 

The  accumulated  mass  of  bacteria  sheared  off  by  the 
flow  of  water  over  the  biofilm  may  be  filtered  out  of  the 
effluent  water  stream  before  it  is  discharged  or  reintro- 
duced to  the  contaminated  site  by  surface  application  or 
subsurface  injection.  This  filtered  biomass  is  rated  as 
non-hazardous  waste  and  is  easily  disposed  (Galaska,  1989) . 
Gases  of  respiration  produced  by  the  bacteria  colony 
(largely  CO2)  are  often  passed  through  an  activated  carbon 
filter  to  ensure  volatile  hydrocarbons  are  not  released  to 
the   atmosphere    (Galaska,    1989) . 

Effluent  water  from  fixed-film  bioreactors  is  commonly 
passed  through   activated   carbon   columns    as    well    to    remove 
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carry-over  contamination.  Given  an  effectively  operating 
bioreactor,  such  additional  treatment  is  in  practical  terms 
a  safety  device.  It  protects  effluent  quality  from  failure 
of  the  bioreactor  which  may  occur  from  a  variety  of  shocks, 
starvation,  or  improper  operation  and  maintenance. 
Activated  carbon  treatment  may  also  be  a  locally-approved 
treatment  technique,  where  biotreatment  may  not.  Since 
reduction  of  contaminant  concentration  is  nearly  complete 
in  an  effectively  operating  bioreactor,  an  activated  carbon 
column  down  stream  will  be  little  more  than  a  conduit  for 
clean  water  and  will  require  little  if  any  recharging  of 
its  expensive  contents  during  treatment.  Its  use  in  this 
application  is  prudent  however,  and  may  cause  the  entire 
system  (pumps,  bioreactor  and  activated  carbon  columns)  to 
meet  local  requirements,  with  the  bioreactor  rated  as  a 
pretreatment  process  for  the  water  stream's  activated 
carbon    columns     (Galaska,     1989/    Skladany,     1987) . 

Effluent  water  from  the  system,  after  filtration  and 
passage  through  the  activated  carbon  column,  is  monitored 
for  quality  per  discharge  standards.  These  standards  will 
vary  with  the  operating  design  or  operations  permit  of  the 
reactor.  Where  return  to  the  contaminated  soil  is  inten- 
ded,   cleanup    requirements    will    be    relatively    lax.       Where 
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discharge  to  surface  waters  will  occur,  especially  where 
those  waters  communicate  with  potable  water  supplies,  these 
quality  standards  may  approximate  local  drinking  water 
standards  (Galaska,  1989)  .  If  discharge  is  to  the  local 
sewerage  system,  quality  standards  for  effluent  water  from 
the  bioreactor  system  are  likely  to  be  intermediate  to  the 
two  limits  just  discussed. 
V-B-l-a-(2) .    Decay   mode   bioreactors 

Decay  mode  bioreactors  are  set  up,  their  hydrocarbon 
degrading  colonies  established,  and  their  equipment 
maintained  and  operated  in  much  the  same  manner  as  the 
previously  described  fixed-film  reactors  except  that  they 
are  used  to  treat  contaminated  streams  whose  hydrocarbon 
concentration  is  less  than  the  level  required  to  sustain 
stable,  vigorous  bacteria  colonies.  They  may  be  charac- 
terized as  intermittent  continuous  reactors  in  that  a  full 
and  vigorous  colony  is  initially  established  on  the 
reaction  surfaces  of  the  vessel.  Once  established, 
low-concentration  contaminated  water  is  passed  over  the 
colony  as  in  the  fixed-film  bioreactors.  Initial  removal 
efficiency  is  typically  very  high:  near  the  limits  of 
detection.  With  time,  the  colony  will  starve.  Removal 
will    be    incomplete   until    finally,    as    the    colony    nearly    dies 
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out,  effluent  contaminant  concentrations  will  exceed 
discharge  limits.  At  such  time,  treatment  must  stop.  A 
vigorous  colony  must  be  reestablished  by  the  same  processes 
which  yielded  the  original  colony.  Once  reestablished,  the 
low-concentration  contaminated  water  may  be  introduced 
again  and  the  cycle  of  decay,  reestablishment  and  decay  may 
continue  (Skladany  and  Sullivan,  1987;  Galaska  et  al., 
1989)  . 
V-B-l-a-(3).    Activated    sludge    processing 

The  activated  sludge  process  is  a  common  waste  water 
treatment  technique  in  use  at  many  municipal  sewage  and 
privately  owned  treatment  works  (POTWs) .  Figure  2  presents 
a  schematic  of  material  flow  in  an  activated  sludge  system. 
Large  ponds  or  tanks  are  used  to  establish  a  colony  of 
bacteria  uniquely  adapted  to  remove  pollutants  from  the 
waters  they  receive.  Contact  between  bacteria  and  contam- 
inants is  maintained  through  continuous  strong  agitation  by 
mechanical  stirring  or  circulation  of  accumulated  sludge 
and  contaminated  water  mixture.  This  keeps  the  sludge 
particles  and  bacteria  suspended  and  moving  through  the 
mixture  while  replenishing  supplies  of  dissolved  oxygen 
used  by  the  degrading  bacteria.  Residence  time  in  the 
aeration   tank    is    carefully    calculated.      A  balance    is 
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Figure  2.  Schematic  of  the  material  flow  in  an  activated 
sludge  system 


Source:   Adapted  from  Atlas  and  Bartha  (1987) 
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established  between    inflow   and   effluent    once    the    tank    is 
filled    (Atlas    and   Bartha,     1987/    Thomas    et    al.,     1987a). 

Pretreatment  of  water  flowing  into  an  activated  sludge 
treatment  tank  is  a  common  procedure  at  POTWs.  This 
pretreatment  often  consists  of  a  large  settling  tank  in 
which  heavy  particulates  may  sink  out  of  the  relatively 
quiescent  water.  An  example  of  another  type  of  pretreat- 
ment is  provided  in  the  case  cited  by  Lee  and  Ward  in  Table 
1.  In  that  situation,  pretreatment  by  granular  activated 
carbon  ensured  successful  activated  sludge  treatment  of 
water  contaminated  with  organic  chemicals.  Effluent  from 
an  activated  sludge  tank  is  usually  delivered  to  a  second 
settling  tank  from  which  a  portion  of  settled  sludge, 
containing  bacteria  adapted  to  the  contaminated  stream 
being  treated,  is  returned  to  the  activated  sludge  aeration 
tank    as    a    continuous    source    of    reinoculation . 

Just  as  in  fixed-film  bioreactors,  nutrients  and  both 
physical  and  chemical  conditions  of  the  environment  in  the 
aeration  and  secondary  settling  tank  must  be  carefully 
monitored  and  maintained.  Although  tolerant  of  consi- 
derable variation  in  flow  rate  and  contaminant  concentra- 
tion, and  efficient  in  removal  of  contaminants  (Atlas  and 
Bartha,     1987),    activated    sludge    systems    are    sensitive    to 
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certain  inorganic  contaminants,  pH  fluctuations,  and 
changes  in  organic  or  hydraulic  load.  This  is  so  by  reason 
of  relatively  low  residence  time  of  any  sample  bacteria 
colony  in  the  treatment  tanks.  The  entire  colony  in  an 
activated  sludge  system  has  a  limited  variety  of  degrading 
bacteria.  Their  variety  is  skewed  toward  those  adapted  to 
the  steady  state  influent  stream.  Thus  the  range  of 
tolerance  for  the  colony  at  any  instant  is  narrower  than  it 
would  be  for  a  colony  with  long  exposure  to  altered 
environmental  circumstances.  A  colony  with  a  longer 
exposure  time  would  have  more  opportunity  to  adapt  and 
would  therefore  be  more  tolerant  of  change  (Anon.,  1987a; 
Anon.,     1988d;    Thomas    et    al . ,     1987a). 

Activated  sludge  systems  are  not  commonly  reported  as 
a  method  for  removal  of  petroleum  hydrocarbon  contamination 
from  ground  water.  They  are  however  reported  as  a  common 
method  for  treatment  of  petroleum  refinery  waste  water  and 
are  applied  in  treatment  of  waste  and  process  water  from 
coal  gasification  and  liquefaction  (Anon.,  1988d)  .  The 
infrequent  use  of  activated  sludge  systems  for  treatment  of 
contaminated  ground  water  is  attributable  to  several 
factors.  These  include  the  relatively  high  capital 
investment    the   method   requires,    and   their    comparatively 
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high  operation  and  maintenance  costs  (Anon.,  1987a;  Anon., 
1988d) .  Further,  sludges  produced  from  the  application  of 
this  process  to  water  contaminated  with  petroleum  hydrocar- 
bons may  contain  refractory  organic  compounds  posing 
disposal  problems  (Anon.,  1987a;  Thomas  et  al.,  1987a)  . 
Activated  sludge  systems  are  a  powerful  water  treatment 
method.  Their  use  to  treat  water  contaminated  by  petroleum 
wastes  or  spills  however  is  cost  effective  only  when  the 
volume  of  water  is  very  large,  steady  in  supply,  and  of 
relatively  constant  contaminant  concentration. 
V-B-l-a-(4) .    Raw   water   versus    waste    water   treatments 

The  treatment  processes  in  Table  1  as  reported  by 
Maaskant  are  distinctly  different  from  those  in  section 
V-B-l-a(l-3)  above.  The  latter  methods  have  in  common 
their  application  to  industrial  waste  water  and  sewage 
treatment  situations.  The  treatment  methods  reported  by 
Maaskant  are  common  to  potable  water  treatment  operations. 
Treatments  to  render  water  potable  commonly  include: 
buffering  to  control  pH,  settling,  and  precipitation  by 
flocculating  agents.  The  use  of  sand  filter  beds  is 
particularly  common  in  small  municipal  water  treatment 
plants.  Maaskant' s  report  of  potable  water  processes  for 
treatment    of   petroleum   contaminated   water    was    anomalous. 
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The   use    of   potable    water   treatments    is    reported   here    for 
completeness    of    reference    and   as    a    spur   to    open   minded 
assessment    of   treatment    options. 
V-B-l-b.    Examples    of   process 

Table  1,  which  follows,  summarizes  pump  and  treat 
applications  of  hydr ocarbonoc las t i c  bacteria  to  the 
problems    of    contaminated   ground   water. 
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Table  1 
PETROLEUM  HYDROCARBON  CONTAMINATION  OF  GROUND  WATER 
TREATED  BY  GROUND  WATER  EXTRACTION  AND  BIOREMEDIATION^ 


Treatment 
Contaminant (s)         Description  Ref . 

(source) 
(locale) 

Gasoline       Contaminated  ground  water         Galaska 
(source  unk)    pumped  to  submerged  fixed-  et  al. 

(locale  unk)    film  bioreactors  (1989) 

Galaska 
(1989) 

Gasoline  Contaminated  ground  water  Skladany  and 
(tank  leak)  pumped  to  a  submerged  fixed-  Sullivan 
(Calif.)        film  bioreactor  (1987) 

Gasoline       Contaminated  ground  water         Galaska 
(tank  leak)     pumped  to  a  decay  mode  et  al. 

(West  Va.)      fixed-film  bioreactor  (1989) 

Gasoline       Contaminated  ground  water         Galaska 
(tank  leak)     pumped  to  a  decay  mode  et  al. 

(Mich.)         fixed-film  bioreactor  (1989) 

Benzene,  Activated  sludge  treatment     Lee  and  Ward 

Toluene  preceded  by  granular  (1985) 

(source  unk)  activated  carbon  (GAG) . 
(Muskegon,  MI) 

PAH  '  Buffering,  sedimentation,  Maaskant 

(gas  works)     flocculation  with  FeCl,  et  al. 

(Netherlands)   and  sand  filtration  (1986) 

Polycyclic  Aromatic  Hydrocarbons 

Note  1.   Even  where  not  directly  reported,  raw  contam- 
inants, when  recoverable,  are  generally  withdrawn  from 
the  contaminated  zone  by  physical  means,  or  separated 
from  the  influent  stream  to  the  treatment  equipment. 
This  action  prevents  overloading  the  degrading  microbial 
community's  capacity. 
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V-B-l-c.    Evaluation    of   process  ^ 

The  pump (out)  and  treat (ment  of  ground  water)  process 
is  a  relatively  quick  but  incomplete  treatment  method. 
System  start-up  is  a  matter  of  a  few  weeks  versus  several 
months  for  some  other  biotreatment  methods.  However,  its 
results  must  be  carefully  interpreted  (Hall,  1989)  . 
Opportunities  for  unscrupulous  exploitation  of  a  customer's 
overreaction  to  a  contamination  problem  by  pump  and  treat 
business  operators  is  a  clear  threat.  Equipment  can  be 
installed  and  a  short-term  correction  of  a  ground  water 
quality  problem  effected  soon  after  it  is  discovered.  For 
reasons  discussed  below,  if  pump  and  treat  is  not  applied 
under  very  favorable  conditions,  contamination  is  likely  to 
recur.  It  may  then  become  as  bad  a  problem  as  the  customer 
faced  before  the  expense  of  the  pump  and  treat  process.  In 
application,  pump  and  treat  may  meet  local  requirements  for 
action  in  the  short  term.  Use  of  this  technique  until 
complete  remediation  will  likely  cause  long-term  costs  to 
be    insufferably   high    (Mackay    and   Cherry,     1989) . 

Its  use  is  legitimate  in  an  integrated  program  of 
effective  treatment  techniques.  It  can  control  plume 
migration  by  establishing  a  hydraulic  sink  into  which  a 
contaminated    aquifer   may   migrate.       Furthermore,    pump    and 
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treat  can  often  produce  safe,  clean  water  with  less  lead 
time  than  other  techniques. 
V-B-l-c-(l).  Limits  on  method 

As  an  exclusive  treatment  method,  pump-out  and  treat- 
ment of  ground  water  has  been  severely  criticized.  This 
criticism  hinges  on  inherent  limitations  of  this  process 
to  clean  up  the  source  of  contamination.  The  reasons  why 
this  method  does  not  efficiently  remove  the  contaminant 
source  include: 

•  The  phenomenon  of  tailing:  Tailing  is  the 
decline  of  contaminant  concentration  along  an  exponential 
curve  towards  zero  as  extraction  continues.  In  practical 
terms,  this  means  that  ground  water  contaminant  levels  are 
very  quickly  reduced  in  the  initial  phases  of  pump  and 
treat,  assuming  effective  treatment.  When  treatment  water 
is  not  recycled  to  leach  out  more  contamination,  the 
clean-up  rate  of  residual  petroleum  contamination  in 
contact  with  mobile  ground  water  is  severely  limited. 
Inhibitors  of  this  cleanup  rate  include  low  solubility  of 
petroleum  products  in  water,  low  mobility  of  petroleum  in 
many  types  of  soil,  and  practical  limits  on  the  size, 
configuration  and  flow  rates  in  treatment  reactors.  The 
total  limiting  rate  of  cleanup  is  a  direct  function  of  the 
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maximum  rate  of  contaminant  release  to  ground  water.  This 
site  specific  rate  is  very  low.  Even  with  recycling  of 
treated  water,  complete  cleanup  of  the  source  of  petroleum 
contaminants  in  an  aquifer  may  require  decades  to  centuries 
of  pump-out  and  treatment  (Hall,  1987;  Hall,  1989; 
Hurlburt,     1987) . 

•  Fluctuations  of  water  table  levels:  soil 
geohydrology  is  very  complex  and  will  not  be  addressed  in 
detail  here.  In  general  however,  the  water  table  from 
which  ground  water  is  extracted  for  treatment  must  remain 
in  continuous  contact  with  the  contaminant  for  treatment 
to  proceed.  If  it  does  not,  treatment  will  be  intermit- 
tent. Water  table  levels  commonly  rise  and  fall,  often 
seasonally.  It  will  usually  be  impractical  to  compensate 
for  natural  changes  in  the  local  water  table  through  water 
injection    or    surface    irrigation    (Hutchins    et    al.,     1989) . 

Unless  soil  is  very  porous,  organic  contaminants 
migrate  through  the  spaces  around  the  grains  of  material 
which  make  up  that  soil  at  distinctly  slower  rates  than 
ground  water.  This  diminishment,  or  retardation,  of  liquid 
transport  rates  of  contaminant  versus  the  transport  rate  of 
water  (called  retardation)  has  been  observed  from  0  to 
almost    97%.       The    degree    of    retardation   depends    on   the    soil 
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and  liquid  combination.  Because  of  retardation,  if  water 
is  pumped  from  the  ground  very  quickly,  the  water  table  may 
drop  out  of  contact  with  the  contaminating  petroleum. 
Without  contact  between  ground  water  and  the  remaining 
petroleum  in  the  soil,  no  petroleum  hydrocarbons  will  pass 
into  solution  in  the  ground  water.  Contaminant  removal  and 
treatment    will    stop    (Mackay    and   Cherry,     1989)  . 

•  Pooling  or  fugitive  concentrations  of  con- 
taminant: subsurface  conditions  may  trap  petroleum 
contaminants  out  of  contact  with  mobile  ground  water  or 
introduced  flushing  water.  This  is  especially  true  in 
fractured  rock  aquifers  which  have  had  lengthy  exposure  to 
organic  contaminants.  In  these  aquifers,  contaminants  are 
able  to  enter  dead  end  passageways  by  diffusion  and  remain 
held   there   by    adsorption. 

If  the  contaminated  zone  has  clayey  soil,  water  will 
pass  through  it  slowly.  Petroleum  contaminates  will  be 
carried  out  at  very  low  rates.  These  soils  not  only  resist 
penetration  by  water  but  are  able  to  strongly  sorb  organic 
contaminants  (Mackay  and  Cherry,  1989;  Stetzenbach,  1986) . 
V-B-l-c-(2).    Prerequisites    for    success 

Three   general    requirements   must    be    met    by   the    com- 
ponents   of   a   contaminated   site   before    the    pump    and   treat 
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method   can   be    expected   to    clean    up   the    major   portion    of 
spills    in   the    soil. 

•  First,    the    soil    in   the    entire    volume    of    an 
underground   contaminant   plume   must   be   uniformly   permeable. 

•  Second,    the    contaminant   plume   must   be    soluble 
in   water   or   easily   transported  by    it. 

•  Third,    large    volumes    of   water   must    be    available 
for    sacrifice   to   the   process    of   contamination    and   cleanup. 

If  any  one  of  these  requirements  is  not  met,  pump  and 
treat  should  not  be  the  only  remediation  method  (Hall, 
1987)  . 

Successful  use  of  this  treatment  method  to  the  limits 
of  its  utility  occurs  in  response  to  systematic  and 
thorough  analysis  of  the  contaminated  site  to  determine  its 
specific  synergy  of  soil  permeability,  contaminate  solu- 
bility,   and   water    resource    limitations. 

V-B-2 .    Removal    of   contaminated  medium   and   treatment    at    a 
distance    from   the    contaminated   site 

As  noted  in  Chapter  II,  Section  B-5,  those  instances 
of  petroleum  contamination  which  have  not  reached  surface 
waters  or  an  aquifer  have  generally  received  little 
attention  in  that  they  were  believed  to  pose  little  or  no 
risk   to   human   health.       In   very    recent    work,    however,    more 
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attention  has  been  paid  to  contamination  outside  of  (and 
most  particularly  above)  aquifers.  Such  contamination 
reservoirs  are  cleaned  ineffectively  by  pump-out  and 
treatment  of  water  in  contact  with  them,  and  are  time  bombs 
which  can  produce  water  contamination  in  the  future  (Hall, 
1987;  Hall,  1989;  Hurlburt,  1987;  Mackay  and  Cherry,  1989) . 
Treating  the  problem  of  these  materials  directly  is  more 
effective  in  the  long-term  than  treatment  of  its  symptoms 
-  the  most  common  of  which  is  contaminated  ground  water 
(Trickett,  1989) . 
V-B-2-a.    Description    of   process 

The  removal  and  treatment  method  eliminates  petroleum 
wastes  and  sludges  or  cleans  up  soils  contaminated  with 
petroleum  by  taking  these  materials  from  their  long-term 
storage  facilities  or  the  immediate  site  of  contamination 
to  a  location  where  a  microbe  colony  is  maintained  for 
bioremediation .  This  location  may  be  a  small  bioreactor 
enclosure  or  a  large  treatment  area  of  many  hundreds  of 
square  feet.  In  the  latter  case,  the  method  is  commonly 
called  land  farming.  Petroleum  sludges  and  contaminated 
soils  consist  of  various  relative  concentrations  of 
petroleum,  water,  and  solid  particles.  This  section 
examines   treatments    for   these   mixtures   together,    since 
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these   methods    are    common   to    wide    ranges    of    component 
proportion . 

During  or  shortly  after  delivering  the  contaminated 
material  to  the  reactor  vessel  or  land  farm,  nutrients  and 
a  seed  culture  of  biodegrading  bacteria  are  thoroughly 
mixed  into  the  contaminated  material.  As  in  the  case  of 
pump  and  treat  bioreactors,  this  seed  culture  may  come  from 
a  variety  of  sources.  In  many  removal  and  treatment  events 
reported  in  the  literature,  continuing  efforts  were  made  to 
ensure  uniform  distribution  of  nutrients,  contaminant,  and 
biodegrading  bacteria  through  the  entire  volume  of  the 
bioreactor.  Treatments  by  this  method  are  commonly  done  on 
batches  of  contaminated  material.  The  treatment  process 
may  be  completed  in  one  or  more  stages.  A  major  portion  of 
contaminates  may  be  removed  in  an  intensive  treatment 
reactor,  with  polishing  to  remove  residual  contamination  at 
a  long-term  treatment  site  -  typically  a  land  farm 
V-B-2-a-(l).    Liquid/Solids    Tank   bioreactor     (LST) 

The  first  treatment  process  described  in  Table  2 
appears  to  hold  great  promise  for  the  Navy's  backlog 
problem  of  heavy  sludges  or  tank  bottom  impoundment 
cleanup.  Figure  3  presents  a  flow  diagram  of  the  LST 
treatment    method.       This   process    is    effectively    a    soil 
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treatment  system  which  capitalizes  on  the  nearly  complete 
binding  of  active  hydrocarbon  degrading  bacteria  to  soil 
particles  (Keely  et  al.,  1987;  Thomas,  et  al.,  1987b).  It 
provides  excellent  opportunity  to  monitor  and  correct 
deficiencies  in  the  microbe's  environment.  Agitation  of 
the  soil  in  the  bioreactor  ensures  uniform  distribution  of 
nutrients  and  oxygen  to  stimulate  bioremediat ion  .  This 
process  might  be  characterized  as  a  confined  land 
farm.  The  agitation  and  mixing  provides  the  equivalent 
reactive  surface  area  of  a  31-acre  surface  tilled  to  a 
depth  of  6  inches.  This  yields  higher  rates  of  hydrocarbon 
destruction  on  batch  loadings  of  heavily  contaminated 
material  at  a  fraction  of  the  capital  investment  and  risk 
of  a  land  farm  of  equivalent  size.  Volatile  emissions 
and  contaminant  migrations  can  be  controlled  by  confining 
treatment  to  a  covered  reactor  built  with  impermeable 
material  (Torpy  et  al.,  1989).  After  a  period  of  treatment 
in  the  reaction  container  (usually  one  summer) ,  effluent 
from  the  bioreactor  is  polished  with  long-term  traditional 
land  farming  on  a  "land  treatment  cell". 

An  important  aspect  of  this  method  is  the  precedent  of 
approval  established  by  the  EPA  and  various  agencies  of  the 
state  of  Missouri,  who  have  endorsed  it  as  acceptable 
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(effectiveness  aside)  .  This  precedent  increases  the 
likelihood  of  its  approval  at  other  sites  where  its 
effectiveness  can  be  demonstrated.  (These  treatment 
techniques  and  steps  are  similar  to  a  MoTec  of  Mount 
Juliet,  TN  process  selected  for  the  1987  SITE  [Superfund 
Innovative  Technology  Evaluation]  demonstration  program 
[Anon.,  1987b;  Anon.,  1988a].)  The  demonstration  test  of 
the  bioreactor  for  this  two-step  treatment  process  yielded 
a  30%  to  50%  reduction  of  "oil  and  grease"  contaminant 
concentrations  in  two  months  of  treatment  with  reduction  of 
PAH  concentrations  near  80%  in  materials  dredged  from  a 
"Sludge  Pit"  and  a  "Sludge  Pond".  Detailed  data  about  the 
sludge  material  treated  in  the  test  and  results  of  the  test 
process  are  provided  in  Appendix  A.  Treatment  costs  by 
this  technique  are  estimated  to  range  from  $100-$ 150/yd\ 
Although  this  is  about  double  the  routine  operating  costs 
of  land  farms,  as  noted  before,  capital  costs  and  risk  are 
much  lower  (Torpy  et  al . ,  1989). 
V-B-2-a-(2).  Air  stripping  under  an  impermeable  cover 

The  second  and  third  situations  reported  by  Table  2 
below  exhibit  the  combined  use  of  decontaminating  microbes 
in  soil  and  a  method  which  removes  volatile  contaminants 
from  soil:   air  stripping.   In  air  stripping,  air  is  forced 
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through  the  region  of  the  contaminated  material.  Volatile 
components  of  the  contaminant  plume  evaporate  and  are 
carried  away  by  the  stripping  air.  As  an  exclusive 
treatment  method,  air  stripping  has  a  long  history  of 
criticism.  It  is  currently  restricted  by  regulations 
intended  to  control  air  pollution.  Without  cleanup  of  the 
air  which  has  moved  through  the  contaminant  plume,  air 
stripping  of  volatile  soil  contaminants  does  not  solve  the 
problem  but  simply  moves  it  to  another  medium  (see  also 
section  V-B-2-a- (4) )  . 

When  hydrocarbon  laden  air  from  an  air  stripping 
process  is  passed  at  low  velocity  through  a  soil  chamber 
where  hydrocarbon  consuming  bacteria  are  maintained,  the 
hydrocarbons  are  removed.  The  once-contaminated  air  is 
again  clean.  This  technique  is  best  suited  for  treatment 
of  soils  contaminated  by  fuel  spills  where  the  contaminant 
fuel  has  high  vapor  pressure,  such  as  Aviation  Gasoline, 
JP-4,  and  Motor  Gasolines.  Spills  into  the  soil  of  heavier 
grades  of  petroleum  products  may  be  treated  to  a  limited 
degree  by  this  technique,  especially  if  their  vaporization 
is  stimulated  through  heating  of  the  contaminated  soil 
before  and  during  air  stripping  (Anon.,  1987a;  Carricato  et 
al.,     1988;    Chowdhury,     1986). 


53 


V-B-2-a-(3).  Simple  land  farming 

In  the  experiment  reported  by  Loehr  as  discussed  in 
Table  2,  reductions  of  hydrocarbon  contamination  were 
examined  when  nutrients  or  long-term  enhancement  of 
available  oxygen  levels  were  not  provided,  but  wastes  were 
simply  tilled  into  the  test  plots  to  a  depth  of  about  6 
inches.  By  this  low-technology  process,  the  half-life  of 
napthalenes,  alkanes  and  certain  aromatics  was  found  to  be 
about  30  days  during  warm  months  of  the  year,  while  "oil 
and  grease"  half-lives  ranged  from  280  to  400  days.  (Here, 
half-life  indicates  that  period  during  which  contaminant 
concentration  decreases  by  50%.)  The  relatively  long  half- 
lives  of  oil  and  grease  emphasize  the  merit  of  an  LST 
reactor  discussed  above  or  another  effective  pretreatment 
before  contaminated  material  is  delivered  to  a  land  farm 
(land  treatment  cell)  . 
V-B-2-a~ (4) .  Modified  land  farming 

The  remaining  treatment  events  reported  by  Table  2  are 
variations  of  traditional  land  farming  methods  with  certain 
modifications.  In  the  Ganderkesee ,  FRG  situation,  for 
example,  modification  included  controls  on  the  two  proces- 
ses of  cross-media  contamination  to  which  land  farms  are 
prone.   These  are  volatilization  of  high  vapor  pressure 
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contaminants  to  the  air,  and  leaching  of  contaminants 
through  the  soil  of  the  land  farm  to  local  surface  or 
ground  water.  These  cross-media  losses  from  land  farms  are 
a  stimulus  behind  the  "land  ban"  initiative  (Field  et  al .  , 
1988)  as  applied  to  petroleum  hydrocarbon  waste  farms  by 
the  announcements  of  the  January  1989  Federal  Register 
(Anon.,  1989b).  This  is  especially  true  of  volatilization 
losses,  which  the  air  quality  sections  of  the  EPA  report  to 
be  dumping  soil  contamination  problems  into  the  atmosphere 
rather  than  solving  them  (Dunlap,  1989;  Glaser,  1989; 
Hains,  1989;  McNabb,  1989) .  Control  techniques  applied  in 
the  Ganderkesee  situation  reportedly  capture  evaporating 
contaminants  (greenhouse  cover)  and  intercept  leachates  by 
an  impermeable  liner  underneath  and  around  the  treatment 
site.  At  the  California  site  reported  by  Ross  (Table  2), 
remediation  levels  of  less  than  100  parts  per  million  were 
achieved  during  a  four  week  evaluation  test.  Appropriate 
nutrients  were  monitored  and  added  as  needed.  Further 
treatment  proceeded  as  described  in  the  table.  The  Shell 
Oil  work  summarized  by  Wetzel  dates  from  the  early  1970s 
but  its  conclusions  have  been  endorsed  by  more  recent 
research  (Atlas,  1981;  Bartha  and  Bossert,  1984;  Sims  et 
al.,     1986) .       In   the    final    two    situations    reported   by    Table 
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2,  drilling  muds  were  applied  to  unamended  test  plots,  but 
all  plots  were  rototilled  three  times  before  application 
and  once  again  after  application.  Up  to  90%  remediation  of 
hydrocarbon  contamination  in  a  one  year  period  was  observed 
for  both  Diesel  and  Low  Toxicity  Oil. 
V-B-2-b.  Examples  of  process 

Table  2  below  summarizes  events  reported  in  recent 
literature  where  petroleum  wastes  and  sludges  were  elim- 
inated or  soils  contaminated  with  petroleum  hydrocarbons 
were  cleaned.  In  all  cases,  these  materials  were  moved 
from  their  storage  location  or  taken  from  the  immediate 
site  of  contamination.  They  were  moved  to  a  treatment  site 
where  bioremediating  bacteria  were  maintained. 
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Table  2 

PETROLEUM  HYDROCARBON  CONTAMINATION  OF  SOILS  OR  PETROLEUM 

SLUDGE  VOLUME  REMEDIATION  BY  EXTRACTION  AND  BIOTREATMENT 


Contaminant (s) 

(source) 

(volume  treated) 

(locale) 

Petroleum  refinery 
sludges  and  soils 
in  contact  with 
these  sludges 

(Sugar  Creek 
Refinery) 

(24.5  tons  of 
oil  and  grease) 

(Independence,  MO) 

Diesel  fuel 
(source  unknown) 
(250  kg  of  soil, 

10, 100  ppm 

diesel) 
(Netherlands) 


Petrol  (gasoline) 
(source  unknown) 
(1000  tons  of  soil, 
1, 500  ppm  petrol) 
(Netherlands) 


Petroleum  Refinery 

Wastes 
(waste  lagoon 

bottoms) 
(volume  unk) 
(Ithaca,  NY) 


Treatment 
Description 


Ref 


Liquid/Solids  Tank 
Bioreactor  -  batch 
treatment 


Soil  was  air-stripped 
in  a  covered  basin. 
Stripping  air  was  then 
passed  through  a  compost 
filter  to  biologically 
degrade  volatiles  taken 
up  from  the  soil 

Soil  was  air-stripped 
in  a  covered  basin. 
Stripping  air  was  then 
passed  through  a  compost 
filter  to  biologically 
degrade  volatiles  taken 
up  from  the  soil 

7  applications  of 
.09%  to  .25%  oil 
and  grease  in  the  zone 
of  incorporation  to 
4m  by  4m  test  plots. 
1  year  test  period. 


Anon . 
(1988c) 
Shepard 

(1989) 


De  Kreuk 
(1987) 


De  Kreuk 
(1987) 


Loehr 
et  al . 
(1986) 
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Table  2  continued 


Contaminant (s) 
(source) 

(volume  treated) 
(locale) 


Treatment 

Description 


Ref 


Non-chlorinated 
hydrocarbons 

(Umweitschutz 
Wor  dGmbH) 

(~  131  ydVbed) 

(Ganderkesee,  FRG) 


On-site  composting 
for  6  months  on  a 
liner  with  leachate 
collection  and  green 
house  cover. 


Nunno 
et  al . 
(1988) 


Petroleum 

Hydrocarbons 
(hazardous  waste 

site) 
(est.  15,000  yd' 
(California) 


Soil  contaminated  with 
2,800  ppm  petroleum 
hydrocarbon  was  dug  up 
and  spread  to  a  depth 
of  30  inches  over  an 
area  of  approx.  4  acres 
in  two  15-inch  lifts 


Ross 
al. 
(1988 


et 


Crude  oil  tank 
bottoms.  Bunker 
C  fuel  oil 
(Shell  Oil  Co.) 
(volume  unknown) 
(locale  unknown) 


Shell  Oil  Company 
found  land-spreading 
application  rate  to 
be  about  70  barrels 
per  acre  per  month. 


Wetzel 
et  al . 
(1988) 


Diesel  Oil 

based  drilling 
mud  cuttings 

(oil  wells) 

(volume   unknown) 

(Newkirk,    OK) 

LTO*-based 

drilling  mud 

cuttings 
(oil  wells) 
(volume  unknown) 
(Newkirk,  OK) 


^Low  Toxicity  Oil  (CIO  -  C15) 


Land  farming,  8  inch 
deep  rototilling,  2% 
by  weight  application 


Land  farming,  8  inch 
deep  rototilling,  2% 
by  weight  application 


Whitf ill 
and  Boyd 
(1987) 


Whitf ill 

and  Boyd 
(1987) 
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V-B-2-C.    Evaluation    of   process 

Removal  and  treatment  of  contaminated  media  has  a 
legitimate  and  important  place  in  the  spectrum  of  bio- 
remediation.  It  provides  effective  and  direct  treatment 
of  petroleum  sludges.  It  is  an  optional  treatment  when  the 
volume  of  medium  (especially  soil)  requiring  treatment  is 
relatively  small  and  fully  confined.  Removal  and  treatment 
is  more  costly  per  unit  volume  treated,  in  both  time  and 
money,  than  some  bioremediation  methods.  Extraction  and 
transportation  contribute  most  significantly  to  the 
additional  cost  of  this  process.  Where  the  Navy  faces  a 
contamination  problem  of  significant  volume  (100,000+  yd^ 
of  contaminated  medium)  and  must  finish  its  cleanup  of  that 
volume  quickly  (in  less  than  one  year)  ,  removal  and 
bioremediation  will  not  be  the  quick  and  inexpensive  fix. 
The  benefits  of  this  method  will  not  be  achieved  without 
systematic  and  thorough  evaluation  of  a  contaminated  site 
prior  to  employing  it.  When  site  evaluation  reveals  low 
soil  permeability  or  excess  contaminant  concentration  (as 
in  many  sludges),  then  bioremediation  by  removal  and 
treatment  may  still  be  an  option.  The  full  benefits  of 
biodegradat ion  to  environmentally  safe  materials  may  be 
gained    for    relatively    small    volumes    of   petroleum   contam- 
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inated  media   not    otherwise    amenable    to   bioremediation.       Low 
permeability    soil    can   be   dug   up,    broken    apart    or    crushed   to 
increase    its    overall    permeability.       Highly    concentrated 
sludges    can   be   diluted.       Other    remediation   methods, 
however,    such    as    those    reported    in    section    II-B-3,    may 
emerge    as   more    cost    effective    at    any   given    site,    than   would 
be  bioremediation  by   the   removal   and  treatment   method. 
V-C .    In    situ   Treatments 
V-C-1.    Description    of   process 

Figure  4  provides  a  simplified  cross-sectional  views 
of  in  situ  treatment  processes.  The  explanatory  notes  of 
Figure  4  provide  information  about  the  various  modifica- 
tions to  the  basic  treatment  methods  as  reported  in  Table 
3  below.  Simply  stated,  in  situ  bioremediation  achieves 
biodegradat ion  of  contaminants  in  place.  It  usually 
involves  enhancing  natural  biodegradation  by  replenishment 
of  limiting  nutrients.  A  seed  culture  of  microbes  known  to 
degrade  the  contaminant  in  place  may  be  introduced  if 
native  bacteria  will  not  work.  Literature  on  in  situ 
treatments  repeatedly  stresses  the  importance  of  a  system- 
atic and  thorough  evaluation  of  the  contaminated  site  and 
its  contaminants.  This  evaluation  must  determine  whether 
the    site    is    qualified    for    in   situ  treatment    methods.       Two 
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This  schematic  illustrates  the  use 
of  an  infiltration  gallery  to 
introduce  nutrient  amended  water  over 
a  large  surface  area.   In  this 
particular  case,  an  above  ground 
treatment  system  is  used  on  extracted 
water  to  augment  the  bioremediation 
occurring  underground. 


Figure  4a 


Adapted  from  Spain  et  al .  (1989) 
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Figure    4b 


Adapted  from  Anon  (1987al 


Figure  4 . 
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characteristics  of  the  site  are  preeminent  as  criteria 
which  determine  the  feasibility  of  in    situ   bio- 
remediation.   These  characteristics  are: 

•  The  contaminated  soil  must  be  sufficiently 
permeable  to  allow  entry  and  passage  of  nutrient  solu- 
tions and  inoculant  bacteria  if  used  (Anon.,  1987a; 
Grubbs  and  Molnaa,  1988/  Harris,  1987;  Hilberts  et  al., 
1985;  Konieczny  et  al . ,  1985;  Lee  and  Ward,  1985;  Lee  et 
al.,  1988;  Spain,  1989;  Thomas  et  al . ,  1987a;  Thomas  and 
Ward,  1989;  Torpy  et  al.,  1989;  Wilson,  J.  T.  et  al . , 
1986).   As  stated  by  Thomas  and  Ward,  soils  "with  hy- 
draulic conductivities  of   IC^  cm/sec  or  greater  are  most 
amenable  to  biorestoration"  (Thomas  and  Ward,  1989) . 

•  A  consortium  of  bacteria  already  adapted  to  or 
capable  of  adapting  to  the  metabolization  of  contaminat- 
ing hydrocarbons  must  be  present  (Baker  et  al.,  1988; 
Chapelle  and  Morris,  1988;  Hilberts  et  al.,  1985;  Koniec- 
zny et  al.,  1985;  Lee  and  Levy,  1989;  Lee  and  Ward,  1985; 
Raymond  et  al.,  1976;  Stetzenbach,  1986;  Wilson,  J.  T.  et 
al.,  1986).  If  adding  such  bacteria  is  considered,  these 
must  be  able  to  reach  the  contaminant  and  remain  vigorous 
as  they  clean  it  up  (Baker  et  al.,  1988;  Hurlburt,  1987; 
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Lee  et  al.,  1988;  McNabb,  1989;  Wilson,  J.  T.  et  al., 

1986)  . 

V-C-2 .  Examples  of  process 

Table  3  below  summarizes  examples  of  in  situ  treat- 
ments of  contaminated  soils  or  aquifers  caused  by  petrol- 
eum spills  on  land. 


63 


Table  3 

IN   SITU   BIOREMEDIATION  OF  CONTAMINATED  SOILS  AND  AQUIFERS 
(Independently  or  in  combination  with  other  processes) 


Contaminant (s) 
(source) 

(volume  treated) 
(locale) 


Treatment 
Description 


Ref 


Gasoline 
(tank  leak) 
(est.  10,000  lb) 
(Millville,  NJ) 


Product  recovery  fol- 
lowed by  subsurface  air 
sparging  and  nutrient 
injection.   6  months  of 
treatment  eliminated 
ground  water  contamin- 
ation but  residual 
gasoline  was  detected 
in  effected  soils. 


Anon . 

(1985) 

Lee  and  Ward 

(1985) 

Lee  et  al. 

(1988) 

Raymond 

et  al . 

(1978) 

Wetzel  et  al. 

(1987) 


Petroleum 
Distillate 

(tank  farm 
spill) 

(4  acre  area) 

(locale  unk) 


Bioaugmentat ion  with 
BI-CHEM-SUS-8''  for  21 
days  yielded  reduction 
of  contaminant  concen- 
tration from  12,000  to 
less  than  1  ppm 


Anon  . 
(1985) 


Gasoline 
(source  unk) 
(volume  unk) 
(Granger,  IN) 


Product  recovery  followed 
by  H2O2  and  nutrient 
amendment  in  line  to 
recycled  ground  water 


Anon  . 
(1985) 


BTX  and 

Aliphatics 
(source  unk) 
(volume  unk) 
(Frankenthal, 

FRG) 


Product  recovery  followed 
by  nitrate  addition. 
Ground  water  stripped, 
filtered,  heated  and 
reinjected 


Anon . 
(1985) 
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Table  3  continued 


Contaminant (s) 
(source) 

(volume  treated) 
(locale) 


Treatment 
Description 


Ref 


Gasoline 
(pipeline  leak) 
(est  119,000  L) 
(Ambler,  PA) 


Product  recovery 
followed  by  subsurface 
air  sparging  and  nutrient 
amendment:   (NH4)2S04  , 
NajHPO^,  NaH^PO, .   No 
gasoline  found  in  extrac- 
ted ground  water  after 
10  months  of  treatment. 


Anon . 

(1985) 

Britton 

(1989) 

Lee  et  al . 

(1988) 

Wetzel 

et  al. 

(1987) 


Gasoline 
(tank  leak) 
(volume  unk) 
(La  Grange,  OR) 


Physical  recovery 
followed  by  enhancement 
of  native  hydrocarbono- 
clasts  with  oxygen  by 
air  diffusion  in  an 
injection  trench,  and 
nutrient  addition  to 
recycled  ground  water. 
No  detectable  hydro- 
carbons after  1.5 
years  of  treatment. 


Anon . 

(1985) 

Britton 

(1989) 

Lee  and  Ward 

(1985) 

Lee  et  al. 

(1988) 

Wetzel 

et  al . 

(1987) 


Petroleum 

products/ 
Hydrocarbons 
(rail  yard 

spills) 
(volume  unk) 
(Karlsruhe, 

FRG) 

Petroleum/ 
Chlorin- 
ated hydro- 
carbons 

(Evaporation  pit) 

(60  ft  diameter 
test  area) 

(Kelly  AFB,  TX) 


Ozonation  and  re- 
injection  of  ground  water 
to  enhance  numbers  and 
activity  of  native 
degrading  bacteria. 
Ozone  added  at  a  rate 
of  1  g/gram  dissolved 
organic  carbon  (DOC) 


Anon . 

(1985) 

Britton 

(1989) 

Lee  and  Ward 

(1985) 


Nutrients  and  H2O2 
added  to  recycled 
ground  water. 


Anon . 

(1985) 

Carricato  et  al . 

(1988) 

Chowdhury 

(1986) 

Wetzel  et  al . 

(1987) 
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Table  3  continued 


Contaminant (s) 
(source) 

(volume  treated) 
(locale) 


Treatment 
Description 


Ref 


BTX,  Diesel 
(source  unk) 
(volume  unk) 
(locale  unk) 


Bioaugmentation  by  DETOX  Anon, 

of  Sugarland,  TX   repor-  (1987a) 

ted  to  effect  significant  Anon, 

reduction  of  contamination  (1988a) 
in  3  to  6  months 


Kerosine 
(source  unk) 
(about  1 . 9M  L) 
(New  Jersey) 

BTX 
(experimental 

application) 
(1800  L  water 

spiked  with 

7.  6  ppm  BTX) 
(CFB  Borden, 

Ont . ,  Canada) 

Gasoline 
(leakage) 
(volume  unk) 
(California) 


Liming,  fertilizing 
and  frequent  tilling 


Natural  attenuation 
monitored;  only  benzene 
persisted  in  a  sandy 
aquifer  after  270  days. 
Benzene  was  eliminated 
after  410  days.   Oxygen 
depletion  inhibited 
benzene  degradation. 

Passive  monitoring  of 
activity  of  naturally 
occurring  bacteria 


Atlas 
(1981) 


Barker 
et  al . 
(1987) 

Major 
et  al , 
(1988) 


Britton 
(1989) 


Gasoline 
(pipe  break) 
(volume  unk) 
(Barrow,  AK) 


Passive  monitoring  of 
activity  of  naturally 
occurring  bacteria 


Britton 
(1989) 


Gasoline 
(source  unk) 
(volume  unk) 
(locale  unk) 


Ground  water  extracted, 
air  stripped  to  remove 
volatiles  and  oxygenate, 
amended  with  nutrients 
and  reinjected.   Air  also 
sparged  into  soil. 


Britton 

(1989) 

Lee  et  al. 

(1988) 
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Table  3  continued 


Contaminant (s) 
(source) 

(volume  treated) 
(locale) 


Treatment 
Description 


Ref 


Gasoline 
(various 

source) 
(various 

volumes) 
(various 

locales) 


Mixed  solvents 

and  fuel 
(spill) 
(est.  1,100- 

3,400  L 

hydrocarbon) 
(locale  unlc) 


Product  recovery  Anon, 

followed  by  combinations         (1989) 
of  nutrient  amendment,  Britton 

air  stripping  for  product        (1989) 
removal  and  dissolved       Lee  et  al. 
oxygen  (DO)  maintenance.         (1988) 
DO  sometimes  supported         Yaniga 
with  H2O2 .   In  one  case,  et  al, 

for  treatment  of  about  (1985) 

38,000  L,  air  sparging 
into  soil  yielded  reduction 
of  contaminant  concentration 
from  2,000-3,000  ppm  in  soil 
and  30-40  ppm  in  ground  water 
to  <50  ppm  in  soil  and  <1 
ppm  in  ground  water. 


Nutrient  solution  slug 
injected,  followed  by 
injection  of  water  con- 
tinuously amended  by 
H2O2,  with  periodic  batch 
additions  of  nutrients 
to  this  stream.   Ground  water 
extracted  and  polished 
with  GAG. 


Britton 

(1989) 

Lee  et  al. 

(1988) 


Unleaded 

gasoline 
(spill) 
(6, 100  kg  +or- 

2,500  [SD]) 
(locale  unk) 


Product  recovery  followed 
by  batch  addition  of 
nutrient  solution  in 
turn  followed  by  addition 
of  H2O2  solution  gradually 
increasing  concentration 
from  0-500  ppm  H2O2 . 


Britton 

(1989) 

Lee  et  al. 

(1988) 
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Table  3  continued 

Treatment 
Contaminant (s)         Description  Ref . 

(source) 

(volume  treated) 
(locale) 

Gasoline  Deep  unsaturated  soils         Britton 

(source  unk)  vented  to  deliver  oxygen         (1989) 
(30  m  thick  Lee  et  al . 

soil  layer)  (1988) 

(locale  unk) 

Gasoline  Product  recovery  Brubaker  and 

(tank  leak)         followed  by  amendment  Exner 

(est.  45,000        of  extracted  ground-  (1988) 

yd^  )  water  with  batch  addition 

(Southern  CA)       of  microbial  nutrients 

(Restore77^)  ,  continuous 

ground  water  perfusion  to 

500  ppm  H2O2  and  rein- 

jection  into  soil 

upgradient . 

Aviation  H2O2  perfused  water    Carricato  et  al. 

Gasoline  infiltrated  into                 (1988) 

(spill)  contaminated  soil 
(volume  unk) 
(U.  S.  Coast 

Guard  Air  Station, 

Traverse  City,  MI) 

JP-4  Nitrate  amended  Carricato  et  al. 

(spill)  water  infiltrated  (1988) 

(unknown)  into  contaminated  Hutchins  et  al. 

(USCG  AS  soil  (1989) 

Traverse  City, 

MI) 

Petroleum  Bioaugmentation      Grubbs  and  Molnaa 

(abandoned  (1988) 

refinery) 
(volume  unk) 
(Southern  CA) 
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Table  3  continued 


Contaminant (s) 
(source) 

(volume  treated) 
(locale) 

Diesel 
(source  unk) 
(2,000  yd'  soil) 
(Sacramento,  CA) 

Diesel 
(source  unk) 
(1,500  yd'  soil) 
(Sacramento,  CA) 

Weathered 

Statf jord 

crude  oil 
(experimental 

application) 
(80  L  oil/plot) 
(Beach,  Southern 

Norway) 

Gasoline 
(pipeline  spill 
(volume  unk) 
(beneath  an 

elementary 

school) 


Treatment 
Description 


Ref 


Bioaugmentation 
reduced  contaminant 
concentration  from  2,800 
ppm  to  <38  ppm  in  74  days, 

Bioremediation  reduced 
contaminant  concentration 
from  3,000  ppm  to  <30  ppm 
in  about  62  days. 


Grubbs  and 
Molnaa 
(1988) 


Grubbs  and 
Molnaa 
(1988) 


12  month  test.   Single 
20  L/m2  application  of 
of  oil  and  seawater 
emulsion  in  1:1  ratio  with 
commercial  grade  fertilizer  on 
on  one  4X2  meter  test  plot, 
and  with  oil  soluble  fertilizer 
on  the  other. 


Halmo 
(1985) 


Physical  recovery  and 
pumping  to  maintain  water 
table  below  school.   6 
month  circulation  of  oxygen- 
and  nutrient-amended  water 
eliminated  detectable  fuel. 


Lee  et  al 
(1988: 


Scotian  Shelf 
Condensate  and 
Hibernia  crude 

(experimental 
application) 

(200  ml/bag) 

(Eastern  Nova 
Scotia  beach, 
Canada) 


200  ml  of  each  type  of 
oil  added  to  7  L  of  wet 
sand;  mixture  enclosed  in 
mesh  bags;  enclosures 
buried  flush  with  surface 
of  intertidal  beach  sand. 


Lee  and 
Levy 
(1989) 
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Table  3  continued 


Contaminant (s) 
(source) 

(volume  treated) 
(locale) 

Crude  oil 
(source  unk) 
(volume  unk) 
(Supra- littoral 

beaches, 

Norway) 

Gasoline 
(spill) 
(1, 961  yd' ) 
(Netherlands) 


Treatment 
Description 


Oil  soluble  fertil- 
izer applied  to 
weathered  crude  emulsions. 
30%  reduction  in  n-alkanes 
observed  in  one  summer 


Ref 


Ladousse 

et  al . 

(1987) 


1.5  year  program  to 
infiltrate  water  amended 
with  by  nutrients  and  HjOj 
into  the  contaminated  zone 


Nunno  et  al 
(1988 


Diesel  Oil,  Gas 

Oil  and 

Crude  Oil 
(experimental 

applications, 

spills  of 

opportunity) 
(various 

volumes) 
(Spitsbergen, 

Norway) 


Test  of  the  effect  on 
biodegradation  rates  of 
petroleum  products  intro- 
duced or  spilled  onto 
Arctic  beaches  from  adding 
a  commercial  oil  soluble 
fertilizer:   INIPOL  EAP22'. 
to  oiled  Sand.   90%  enhance- 
ment of  degradation  rate  over 
100  days  reported  on  marine  gas 
oil  contaminated  beaches. 


Sveum  and 
Ladousse 
(1989) 
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V-C-3.    Evaluation    of   Process 

In  situ  treatment  methods  are  promising  and  popular. 
They  are  most  successful  when  applied  after  careful  site 
characterization  has  given  reliable  evidence  of  its 
feasibility  -  an  ideal  in  situ  bioremediat ion  site  has 
permeable  soil  and  plenty  of  naturally  occurring  aerobic 
hydrocarbonoclast ic  bacteria  which  require  no  additional 
nutrients.  When  conditions  support  its  application,  it  is 
effective  and  relatively  inexpensive.  It  is  commonly  a 
part  of  an  integrated  treatment  program.  This  program  may 
also  include  pump  and  treatment  of  ground  water  or  removal 
and  treatment  of  contaminated  medium.  Free  product 
recovery  frequently  precedes  and  overlaps  with  the  early 
phases    of    in    situ   applications. 

Successful  in  situ  treatments  are  not  stable  operations 
which  can  be  switched  on  and  left  alone  until  cleanup  is 
complete.  They  require  careful  monitoring  and  maintenance. 
When  chosen,  they  should  be  expected  to  be  a  process  of 
many  months  duration,  proceeding  at  a  site  specific 
remediation    rate. 

In  situ  treatment  methods  are  the  subject  of  much 
contemporary  research  to  improve  their  effectiveness. 
Several   patents    have   been    issued   for   variations    of   this 
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technique  as  a  result  of  previous  research  and  field 
applications  (Dyadechko  et  al.,  1987;  Ely  and  Heffner, 
1987;  Raymond,  1974) .  The  case  summaries  of  Table  3  show 
many  approaches  to  in  situ  bioremediation .  Techniques  are 
mixed  and  matched.  Dogmatic  adherence  to  one  technique  or 
other  will  doom  its  use  to  failure  where  conditions  are  not 
favorable  for  it  (Offutt  et  al . ,  1988;  Ruddiger,  1987; 
Stover,     1989) . 
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VI.   COMMON  ELEMENTS  OF  SUCCESSFUL  TREATMENTS 

VI-A.  Elements  common  to  all  bioremediation  methods 

Evident  in  responsible  and  well-engineered  bioremedi- 
ation projects  is  careful  adherence  to  a  process  of  project 
development,  implementation,  and  application.  Addition- 
ally, successful  projects  exhibit  flexibility  of  their 
operators  to  respond  to  difficulties  or  failures  of  the 
design  process  and  compensate  for  them.  Such  problems 
result  from  limitations  of  design  data,  complexity  of  soil 
geohydrology ,  and  anomalies  between  laboratory  and  field 
conditions . 

VI -B.  Common  elements  to  bioremediation  methods  for 
petroleum  contaminants/wastes 
Of  the  entire  series  of  events  which  comprise  a 
bioremediation  effort  at  a  site  of  petroleum  contamination 
the  following  elements  are  commonly  reported: 

•  Product    Recovery 

•  Site    characterization 

•  Monitoring,    maintenance    and   modification 
VI-B-1.    Product    recovery 

Efforts  to  reduce  or  limit  the  amount  of  petroleum 
which   must    be   degraded  by   the   microbe    community    are 
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routinely  applied.  Where  raw  fuel  recovery  is  possible, 
whether  it  is  mandated  by  regulation  or  not,  its  removal 
will  minimize  the  scope  and  cost  of  a  b  i  oremedi  at  ion 
system.  The  process  of  free  product  recovery  gives 
opportunity  to  control  where  contaminant  liquids  are  or  may 
go.  Where  it  will  work,  it  is  a  legitimate  emergency 
response.  It  is  often  the  first  remediation  process,  and 
usually  continues  during  design  and  implementation  of  the 
rest  of  a  treatment  program. 
VI-B-2.    Site    characterization 

Site  characterization  is  a  universal  element  of 
responsibly  engineered  remediation  projects.  Included  in 
this  effort  are  measures  to  define  the  nature  of  the 
contaminant,  the  shape  and  volume  of  the  contaminant  plume, 
the  speed  and  direction  of  its  movement,  and  changes  in 
these  features  (Konieczny  et  al . ,  1985;  Vandegrift  and 
Kampbell,  1988) .  Understanding  what  the  plume  is,  where  it 
is  (the  contaminated  zone) ,  and  the  nature  of  its  flux  is 
especially  important  in  establishing  how  difficult  to  clean 
up    it   might    be. 

Information  about  the  contaminated  zone  will  probably 
be  incomplete.  It  will  likely  be  extrapolated  from  limited 
data   gathered   through   observation    at    the    site    of    contam- 
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ination  or  through  laboratory  studies.  These  extrapo- 
lations are  essentially  forecasts.  The  process  of  develop- 
ing these  forecasts  will  require  careful  and  extensive 
sampling.  These  samples  should  consist  of  soil  cores  from 
the  contaminated  zone  and  its  environs.  These  cores  must 
be  very  carefully  collected,  transported,  and  stored  to 
ensure  they  remain  as  representative  of  the  contaminated 
zone  as  possible.  Correct  sampling  techniques  must  be 
matched  by  prompt,  careful  analysis  of  the  samples. 
Careless  sampling  and  irresponsible  laboratory  work  will 
degrade  the  quality  of  forecasts  developed  from  their 
results  (Dunlap,  1989;  Thomas  et  al,  1987a;  Thomas  et  al., 
1987b;    Thomas    and   Ward,     1989;    Stetzenbach,     1986)  .  Three 

important  elements  of  site  characterization  will  be 
examined    in   the    next    few  paragraphs .       They    are : 

•  soil  geohydrology  characterization 

•  microbial  characterization 

•  nutrient  characterization. 
VI-B-2-a.  Soil  geohydrology  characterization 

The  interaction  of  soil  and  liquids  is  enormously 
complex.  Soil  geohydrology  characterizations  are  studies 
of  these  interactions.  Emerging  from  these  studies  are 
forecasts  of  what  has  and  might  yet  happen  to  liquids  in  a 
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particular  soil.  For  all  treatment  methods,  the  relia- 
bility of  these  forecasts  decreases  dramatically  with 
increasing  plume  volume  (Keely  et  al.,  1986) .  Although 
computer  modeling  and  field  simulations  of  conditions  in 
the  contaminated  zone  are  helpful,  at  this  writing,  neither 
of  these  tools  are  as  reliable  as  studies  of  samples  from 
the  contaminated  site  (Keely  et  al.,  1986;  Rifai  et  al., 
1988;  Sveum  and  Ladousse,  1989) . 

Soil  geohydrology  characterizations  give  the  strong- 
est evidence  of  the  feasibility  of  in  situ  treatments, 
although  promising  soil  geohydrology  forecasts  will  not 
guarantee  success  for  in  situ  bioremedi at i on  methods 
(Anon.,  1985;  Konieczny  et  al . ,  1985;  Ruddiger,  1987).  By 
default,  these  studies  may  indicate  the  need  for  Removal 
and  Treatment  if  bioremediation  is  intended.  These  studies 
can  also  show  if  the  pump  and  treat  method  will  have 
remedial  effect. 
VI-B-2-b.  Microbial  characterization 

Microbial  characterization  identifies  whether  bacteria 
which  already  can  or  may  be  able  to  destroy  the  contamin- 
ant (s)  are  present  in  a  contaminated  zone.  A  common  method 
to  this  end  is  the  laboratory  culture  of  small  samples  of 
contaminated  soil  (Leach  et  al.,  1988;  Thomas  and  Ward, 
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1989).  Once  developed,  these  small  cultures  (microcosms) 
are  incubated  to  closely  approximate  in  situ  conditions. 
Bacteria  which  grow  in  these  microcosms  are  presumed  to  be 
representative  of  the  in  situ  community  (Keely  et  al., 
1986;  Thomas  et  al.,  1987b).  If  the  microbes  identified 
are  not  known  to  be  hydrocarbonoclastic,  their  potential  to 
achieve  this  capability  or  assist  other  known  oil  degrading 
bacteria  may  be  evaluated.  Where  they  are  determined  to  be 
hydrocarbonoclastic,  the  process  of  nutrient  characteri- 
zation  can  begin. 

Since  microbial  characterization  produces  important 
information  about  the  rate  and  effectiveness  of  natural  and 
enhanced  bioremediat ion,  it  is  a  crucial  part  of  in  situ 
biotreatments .  As  discussed  in  Section  V-C-1,  stimulation 
and  control  of  naturally  occurring  bacteria  is  what  in  situ 
bioremediation  is  all  about  (Leach  et  al.,  1988;  Thomas  and 
Ward,  1989) .  In  situ  bioremediation  by  enhancement  of 
natural  microbes  may  be  avoided  in  those  cases  where 
microbial  characterization  indicates  natural  bacteria  are 
absent  or  ineffective.  On  the  other  hand,  these  studies 
may  reveal  that  naturally  occurring  bacteria  will  solve  the 
problem  without  enhancement.  In  such  circumstances,  costs 
would   be    limited   to    those    of   monitoring    and    follow-up.       For 
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developers    of   pump    and   treat    systems    or    removal    and 
treatment    facilities,    these    studies   may    reveal    whether   the 
contaminated    zone    can   provide    inoculant    bacteria. 
VI-B-2-C.    Nutrient    characterization 

The  goal  of  b  i  or  emedi  at  i  on  is  to  bring  the  right 
microbes  into  contact  with  contaminants,  while  ensuring 
their  use  of  it  as  a  substrate  is  limited  only  by  the 
contaminant's  availability.  To  do  this,  the  limiting 
nutrients  other  than  the  hydrocarbons  must  be  known  and 
their  limiting  concentrations  determined.  Nutrient 
characterization  provides  this  knowledge.  Biodegrading 
bacteria    are    reported   to    require   nutrients    of   two    types: 

•  Electron  receptors 

•  Inorganic  nutrients 

Selected  information  about  these  two  types  of  nutrients 

follows . 

VI-B-2-C- (1 ) .    Electron    receptors 

As  discussed  in  the  early  portions  of  this  document 
(section  II-D-2)  ,  most  bacteria  intended  for  use  in 
bioremediation  of  petroleum  contaminants  need  an  electron 
receptor  to  metabolize  hydrocarbons  (Swindell,  1988;  Thomas 
and  Ward,  1989)  .  Historically,  the  m^ost  common  electron 
receptor   provided    in    one    form   or    other    is    oxygen.      Vigorous 


aeration  is  an  important  component  of  the  various  tech- 
niques of  the  Removal  and  treatment  category  (section  V-B) . 
Delivery  of  oxygen  as  an  electron  receptor  is  an  especially 
important  part  of  in  situ  treatment  methods.  It  is 
expressly  cited  as  the  electron  receptor  in  16  of  the  cases 
reported  by  Table  3.  Most  early  and  some  current  in  situ 
bioremediations  of  petroleum  contaminants  apply  the  first 
Raymond  patented  process  (Raymond,  1974) .  This  technique 
introduces  compressed  atmospheric  air  into  the  contaminated 
zone  to  augment  natural  oxygen  supplies. 

Although  the  atmosphere  is  a  cheap  and  accessible  source 
of  oxygen,  aeration  is  unlikely  to  provide  optimum  concen- 
trations of  this  electron  receptor  in  subsurface  biodegra- 
dation  environments  (Lee  et  al . ,  1988)  .  Oxygen  is  not  the 
majority  component  of  the  naturally  occurring  atmosphere. 
It  has  relatively  low  solubility  in  water.  These  factors 
limit  the  rate  by  which  air  or  water  can  deliver  oxygen  to 
biodegradat ion  microsites.  For  in  situ  methods,  H2O2  has 
been  introduced  to  water  delivered  for  enhancement  of 
bioremediation  in  petroleum-contaminated  soils  or  aquifers 
to  compensate  for  oxygen's  low  solubility.  Water  can 
retain  a  high  concentration  of  HjO^ .  As  bacteria  use 
dissolved  oxygen  from  peroxidized  water,  the  chemistry  of 
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H202's  dissolution  balance  drives  more  oxygen  into  solution 
in  the  water.  Bacteria  can  be  acclimated  to  tolerate 
concentrations  of  H2O2  which  yield  50  times  greater  oxygen 
availability  than  can  be  achieved  even  by  direct  solution 
of  pure  oxygen.  Using  H^O^  solutions  ensures  biodegradation 
processes  will  not  be  limited  by  electron  receptors 
availability  -  natural  processes  will  be  enhanced.  This 
relatively  recent  development  (since  early  1980s)  is 
reported  in  several  treatments  of  Table  3  (Anon.,  1987a; 
Lee    et    al.,     1988;    Thomas    and   Ward,     1989). 

Water  with  high  concentrations  of  H^O^  can  be  lethal  to 
bacteria.  The  degrading  colony  must  be  carefully  acclim- 
ated to  elevated  H^O^  concentrations  (Anon.,  1985;  Lee  et 
al.,  1988;  Thomas  and  Ward,  1989)  .  Very  high  concen- 
trations of  H2O2  in  water  may  also  cause  precipitation  or 
mobilization  of  minerals  in  the  soil.  This  may  in  turn 
reduce  soil  permeability  or  foul  treatment  equipment. 
These  side  effects  may  cause  H2O2  solutions  to  be  an 
unacceptable  method  of  enhancing  the  natural  levels  of 
electron    receptors    in    a    contaminated    zone. 

Several  recently  published  reports  and  some  current 
research  projects  focus  on  delivery  of  other  electron 
receptors    which   have   high   solubility    in   water,    but    do   not 
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produce  the  unwanted  side  effects  of  H^O.  solutions  (Kuhn 
et  al.,  1988;  Major  et  al . ,  1988;  Thomas  and  Ward,  1989; 
Wilson,  B.  H.  et  al.,  1986a;  Wilson,  B.  H.,  1986b;  Zeyer 
et  al.,  1986) .  Nitrate  compounds  are  commonly  used  to  this 
end.  Nitrate  amendment  is  not  without  its  own  risks. 
Nitrate  concentrations  greater  than  10  mg/1  violate  the 
Federal  Drinking  Water  Standards  (Anon.,  1976;  Anon., 
1985) .  Escape  of  nitrate-amended  water  from  the  treatment 
zone  could  contaminate  local  aquifers  (Hutchins,  1989;  Lee 
and  Ward,  1985;  Mayfield,  1989)  . 
VI-B-2-C- (2) .    Inorganic    nutrients 

Even  if  water  with  elevated  electron  receptor  con- 
centrations can  be  delivered  to  the  potentially  degrading 
bacteria,  other  requirements  of  bioprocess  for  optimal 
hydrocarbonoclastic  activity  may  be  lacking  where  required 
at  the  degrading  site.  Laboratory  studies  with  cultures  of 
native  or  adapted  bacteria  interacting  with  the  contaminant 
to  be  removed  can  determine  optimal  combinations  of 
nutrients.  Most  commonly,  these  studies  reveal  a  need  for 
sources  of  inorganic  nitrogen  and  phosphorus  (Anon.,  1985; 
Anon. ,     1987a) . 

Inorganic  nutrients  are  commonly  provided  in  pump  and 
treat    systems    by   mixing   them    into    the    contaminated   water 
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upstream  of  the  bioreactor.  For  relocation  and  treatment 
methods,  these  nutrients  may  be  provided  as  a  solution 
which  is  mixed  into  the  bioreactor  volume  or  sprayed  onto 
the  surface  of  a  land  farm.  They  may  also  be  delivered  by 
commercial  fertilizers  sprinkled  on  or  mixed  with  the 
volume    of   material    in   treatment. 

For  in  situ  methods,  as  seen  from  the  several  examples 
of  nutrient  amendment  in  Table  3,  delivery  of  other 
nutrients  into  the  contaminated  zone  is  an  important 
element  of  bioenhancement .  For  these  treatments,  a  ratio 
of  organic  carbon  to  available  nitrogen  and  phosphorus  of 
300:15:1  has  been  reported  as  minimal  (Konieczny,  1985)  . 
This  may  be  compared  with  a  carbon  to  nitrogen  ratio 
reported  as  recommended  for  land  farming  of  160:1  and 
laboratory  experiments  which  reported  carbon  to  nitrogen 
ratios  of  60:1  and  carbon  to  phosphorus  of  800:1  to  be 
optimal  (Grubbs  and  Molnaa,  1988)  .  In  situ  nutrients 
amendments  are  commonly  delivered  in  batch  quantities.  A 
well-dispersed  batch  amendment  will  be  provided  before 
introducing  a  continuous  source  of  electron  receptors 
(oxygen) .  This  avoids  a  bloom  of  microbes  which  might  plug 
the  soil  and  impede  further  flow  of  oxygen  and  nutrients 
(Thomas    and  Ward,     1989) . 
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The  optimal  concentrations  and  delivery  rates  of  the 
necessary  nutrients  are  site-specific.  They  are  probably 
microsite-specif ic  within  the  treatment  zone.  Once  the 
nutrient  requirements  of  the  biodegrading  bacteria  colony 
are  determined,  a  trade-off  will  need  to  be  developed 
between  optimally  meeting  its  needs  and  the  delivery 
capabilities  of  the  treatment  system  and  its  operators. 
VI-B-3.    Monitoring,    maintenance    and   modification 

Once  applied,  monitoring,  maintenance,  and  modification 
of  process  in  response  to  situation  changes  or  new  infor- 
mation are  essential  to  successful  b i o r emedi a t i on . 
B i o r emedi at i on  can  achieve  reduction  of  contaminant 
concentrations.  Reports  of  cleanup  to  declared  standards 
or  even  to  levels  at  or  below  background  contamination  are 
common  enough  to  be  encouraging.  Bioremediation  does  not 
proceed  automatically  however.  Its  success  is  limited  when 
its  application  is  not  monitored,  and  weaknesses  in  design 
or  process  identified  and  corrected.  Where  cleanup,  as 
measured  by  the  rate  of  reduction  in  contaminant  concen- 
tration, has  levelled  off,  the  treatment  in  place  should  be 
reviewed.  Continued  use  of  the  existing  system,  a  modifi- 
cation to  it,  or  use  of  an  alternate  process  should  be 
carefully   evaluated    (Thomas    and  Ward,     1989) . 
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VII.       ERRORS    OF    PROCESS    OR    TREATMENT 

VII-A.    Ineffective    Bioaugmentation 

Where  native  bacteria  do  not  exhibit  the  ability  or 
capability  of  degrading  the  contaminant  of  interest, 
inoculation  with  bacteria  known  to  be  capable  of  the 
required  degradation  might  be  considered.  Such  inocula- 
tions are  often  referred  to  by  the  term  bioaugmentation. 
It  is  unlikely  that  bacteria  introduced  into  a  petroleum- 
contaminated  zone  in  the  environment  will  be  the  sole 
source  of  decontamination  action.  Biodegr adat i on  of 
petroleum  in  soils  is  known  to  be  the  symbiotic  activity 
of  consortia  of  bacteria  unique  to  each  contaminated  site 
(Lee  et  al.,  1988).  Bacteria  which  can  degrade  a  weathered 
contaminant  at  each  microsite  in  a  contaminant  plume  will 
not  be  produced  in  a  laboratory  (bioengineered)  .  Further, 
in  subsurface  environments,  the  ability  of  bioengineered 
bacteria  to  survive,  to  escape  predation  by  protozoa,  to  be 
transported  into  the  contaminated  zone  and  to  retain  their 
bioengineered  degrading  capability  is  severely  limited 
(Baker,  1988;  Dunlap,  1989;  Knapp,  1989;  Lee  et  al.,  1988; 
McNabb,  1989)  .  These  engineering  factors  aside,  public 
relations    problems    and    local    regulations    further    limit 
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introduction  of  specialized  bacteria  into  soils  or  con- 
taminated aquifers  for  biotreatment  (Wilson,  J.  T.  et  al., 
1986) .  Therefore,  even  where  it  can  be  used,  the  effec- 
tiveness of  bioaugmentation  is  severely  limited. 

Success  with  bioaugmentation  is  in  direct  proportion 
to  the  degree  to  which  the  introduced  microbe  colony  can 
be  protected  from  the  natural  environment.  Bioaugmentation 
is  most  successful  when  used  on  confined  sites  of  waste 
accumulation  such  as  tank  bottoms  or  ships'  bilges  (Dunlap, 
1989;  Knapp,  1989;  McNabb,  1989) . 
VII-B.   Incomplete  Soil  Geohydrology  Characterization 

In  one  of  the  cases  reported  by  Table  3  (Britton,  1989; 
Lee  et  al.,  1988)  the  natural  permeability  of  the  soil  was 
very  low.  Nevertheless,  in  situ  treatment  by  point 
injection  of  H2O2  solutions  was  applied.  Since  this 
solution  could  not  quickly  flow  away  from  the  injection 
points,  pools  of  nutrients  developed  around  them.  Blooms 
of  bacteria  resulted  around  these  pools.  Their  biomass 
plugged  fluid  transport  pores  in  the  soil  near  these 
points,  impeding  delivery  of  nutrient  amendments.  Clean- 
up in  areas  away  from  injection  points  was  not  enhanced. 
Introduction  of  a  high-concentration  H2O2  solution  cleared 
this  plugging  and  restored  some  enhancement  at  a  distance 
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from  the  injection  points.  In  those  distant  zones,  H2O2 
concentrations,  now  lowered  by  reason  of  oxygen  consumption 
in  cleaning  out  the  fouling  microbes,  were  within  the 
tolerance  range  of  actively  degrading  bacteria.  However, 
the  remediation  rate  was  still  slow.  Soil  geohydrology 
characterization  was  incomplete  in  this  case.  Evidence  of 
low  soil  permeability  was  not  accommodated  in  the  treatment 
system  design.  Not  only  must  data  from  characterizations 
be  developed;  it  must  be  prudently  used. 
VII-C.    Failure    to   Monitor/Modify   Applied   Methods 

In  one  case  cited  in  Table  3,  a  63%  reduction  in 
unleaded  gasoline  concentrations  was  achieved  by  enhanced 
biodegradation  during  the  intended  treatment  period  but 
residual  concentrations  in  extracted  ground  water  measured 
from  1  to  3  parts  per  thousand.  With  target  cleanup 
concentrations  for  ground  water  measured  in  hundreds  of 
parts  per  billion  (Wilson,  B.  H.,  1986a;  Wilson,  J.  T.  et 
al.,  1988),  evaluation  of  further  treatment  by  this  method 
or  by  an  alternate  technique  was  required  (Lee  et  al., 
1988) . 

If  peroxidation  of  injected  or  infiltrated  water  is  an 
element  of  the  treatment  process,  in  situ  concentrations 
must    be    carefully   monitored.       High   concentration   will    cause 
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escape  of  H2O2  by  dissolution.  It  may  also  cause  precipi- 
tation of  minerals  or  other  in  situ  chemical  reactions. 
The  formation  of  precipitates  may  cause  plugging  of  soil 
pores,  reducing  soil  permeability.  Ideally,  the  H^Oj 
concentration  will  balance  the  biologic  oxygen  demands  of 
the  degrading  community  with  no  other  effect  (Anon.,  1985; 
Anon.;    1987a,    Spain   et    al.,     1989). 

Examples  of  the  problems  which  can  occur  and  must  be 
solved  for  effective  bioremediat ion ,  when  delivery  of 
peroxidized  water  in  situ  is  part  of  a  treatment  system, 
are  evident  in  the  Kelly  AFB  effort  reported  by  Table  3. 
Precipitation  resulting  from  chemical  reactions  between 
H2O2  solutions  and  in  situ  soil  minerals  was  very  severe. 
Precipitates  virtually  plugged  the  treatment  zone,  reducing 
infiltration  capacity  by  90%.  Further,  metal  sediments 
were  found  inside  surface  equipments,  after  treatment  had 
proceeded  for  a  time,  transported  there  with  water  extrac- 
ted from  the  treatment  zone  for  nutrient  amendment, 
peroxidation  and  reinjection.  Such  metal  sediments  may 
themselves  be  hazardous  wastes  requiring  special  handling 
and   disposal     (Wetzel    et    al.,     1987). 


In  all  cases,  careful  attention  must  be  given  to 
detecting  and  correcting  problems  with  bioremediat ion 
treatment  systems  as  occurring. 

VII-D.  Failure  to  Coordinate  with  the  Robert  S.  Kerr 
Environmental  Research  Laboratory. 
It  is  likely  that  some  time  will  pass  before  sufficient 
expertise  is  developed  within  the  Navy  to  engineer  bio- 
remediation  systems.  This  expertise  must  include  the 
ability  to  evaluate  the  applicability  of  bioremediation  to 
Navy  petroleum  wastes  or  petroleum-contaminated  sites,  and 
design  bioremediation  systems.  After  implementation,  the 
bioremediation  engineer  should  monitor  and  modify  that 
system  as  necessary  to  achieve  successful  cleanup.  During 
the  period  in  which  this  expertise  develops,  the  Navy 
should  avoid  the  problems  encountered  in  previous  bio- 
remediation projects  of  the  Department  of  Defense  and  avoid 
duplicating  work  already  complete  (Carricato  et  al . ,  1988; 
Dunlap,  1989;  McNabb,  1989).  As  reported  by  their  mission 
statement,  the  Robert  S.  Kerr  laboratory  is 

EPA' s  center  for  ground  water  research, 
focusing  its  efforts  on. . .development  of 
methodologies  for  protection  and  restoration 
of  ground  water  quality,  and  evaluation  of  the 
applicability  and  limitations  of  using  natural 
soil  and  subsurface  process  for  the  treatment 
of  hazardous  wastes  ...  responsibilities  have 
included  the  development  and  demcnstranion  cf 
cost  effective  methods  for  (treacmenr)  cf 
petroleum  refining  and  petrcchemical  wastes. 
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They  further  report  their  activities  as  of  1989  include 

Development  of  remediation  technologies  which 
are  effective  in  protection  and  restoring 
ground  water  quality  without  being  unneces- 
sarily complex  or  costly,  and  without  unduly 
restricting  other  land  use  activities. 

They  are  the  Federal  activity  responsible  and  funded  for 

development  of  remediation  processes  and  systems.   They  are 

the  legitimate  source  of  assistance  to  the  Navy' s  efforts 

in  this  area. 
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VIII.   CONCLUSIONS 

1.  Bioremediation  is  not  universally  applicable  to 
petroleum-contaminated  sites  or  to  the  treatment 
of  petroleum  wastes.  Biotreatment  of  petroleum 
spills  or  sludges  can  be  a  tool  of  great  power  and 
utility,  but  successful  application  follows 
systematic  and  careful  evaluation  of  all  con- 
straints. These  include  not  only  limits  on 
engineering  and  biotechnology,  but  also  those 
political    and   temporal. 

2.  At  any  given  contaminated  site,  all  optional 
treatment  techniques  should  be  evaluated  against 
engineering  and  political  limits.  Most  critical 
among  the  engineering  limits  for  bioremediation 
will  be  constraints  of  geohydrology  and  time. 
Political  and  legal  constraints  may  preclude 
bioremediation   entirely. 

3.  The   geohydrology    of   petroleum   contaminated    soil 

is  the  preeminent  engineering  factor  which  deter- 
mines the  feasibility  of  bioremediation.  If 
liquids  cannot  be  transported  to,  through,  and 
removed    from   the    contaminated   medium/zone,    then 
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petroleum  contamination  will  resist  extraction  for 
pump  and  treatment  and  natural  rates  of  in  situ 
b i o r emed i at i o n  of  contaminants  will  resist 
enhancement . 
4.  The  interrelationship  of  soil  geohy dr o 1 ogy , 
microbial  degradation  of  contaminants,  and  the  need 
for  nutrients  to  accomplish  that  degradation  is 
very  complex.  Given  permeable  soil,  and  a  bacteria 
colony  in  it  adapted  to  or  adaptable  to  degrading 
petroleum  contaminants,  enhancement  of  their 
activity  may  be  possible.  Water  containing 
nutrients  which  enhance  biological  activity  can 
increase  petroleum  biodegradation  rates  if  it  can 
reach   the    contaminant    plume. 

5.  Certain  chemicals  become  more  toxic  when  subject 
to  biodegradation.  The  concentration  of  such 
chemicals  in  material  to  be  cleaned  up  by  bio- 
remediation  must  be  evaluated.  The  impact  of 
harmful  biodegradation  products  must  be  determined. 
If  it  produces  environmentally  significant 
quantities  of  more  toxic  contaminants,  the 
application    of   bioremediation   will    not    be    useful. 

6.  The   merit    of   bioaugmentation   treatments    in    situ 
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is  debatable.  In  that  environment,  the  effec- 
tiveness of  bioaugmentation  is  severely  limited  by 
constraints    of   biology,    biotechnology    and   politics. 
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IX.       RECOMMENDATIONS 

•  I  recommend  the  U.  S.  Navy  avoid  applying  bio- 
remediation  as  a  universal  solution  to  environmental 
problems  of  petroleum  contamination.  At  any  given  site, 
all  optional  treatment  techniques  should  be  evaluated 
against    engineering   and  political    limits. 

•  I  recommend  a  treatment  guide  be  developed  for  use 
at  Navy  fuel  terminals.  Its  use  would  assure  systematic 
and  thorough  evaluation  of  contaminated  sites  or  materials 
to    determine    which    remediation   method   meets    local    needs. 

•  As  a  project  or  thesis  of  a  Navy  Petroleum  Man- 
agement student  at  the  University  of  Kansas,  I  recommend 
preparation  of  a  bioremediation  guide.  Its  use  would  allow 
evaluation  of  bioremediation  as  a  solution  to  a  petroleum 
waste  or  contamination  problem.  This  guide  would  even- 
tually  be   part    of   the   total    treatment   guide. 

•  Until  bioremediation  expertise  is  developed  with- 
in the  Navy,  I  recommend  that  early  development  of  tech- 
nique and  processes  in  this  field  be  coordinated  with  the 
United  States  Environmental  Protection  Agency's  Robert  S. 
Kerr   Environmental    Research   Laboratory    in   Ada,    Oklahoma. 
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SUGAR  CREEK  REFINERY  SLUDGE  TREATMENT  DATA 


Component 


Composition  of 
untreated  sludge 
(Average) 


Oil  and  Grease  (%  by  wt.)  39.4 

Total  Solids  (%  by  wt . )  43.65 

Organics  (ppb) 

Naphthalene  222,500 

Acenapthylene  25,000 

Acenaphthene  40,000 

Fluorene  152,500 

Phenanthrene  355,000 

Anthracene  55,000 

Fluoranthene  60,000 

Pyrene  132,500 

Benzo  (a) anthracene*  107,500 

Chrysene"  157,500 

Benzo  (b) fluoranthene*  45,000 

Benzo  (k) fluoranthene*  27,500 

Benzo  (a) pyrene*  67,500 

Indeno (1, 2, 3-cd) pyrene*  25,000 

Dibenzo (a, h) anthracene*  25,000 

Benzo  (g, h, i) perylene*  30,000 

^Potentially  carcinogenic  PAHs 


Composition  of 
sludge  residue 
after  2-3  months 
LST  treatment 
(Average) 

20.6 
42.21 


est.  <  10,000 
none  detected 
est.  <  10,000 

10, 100 

32, 800 

12,400 
est.  <  10,000 

96, 600 

57, 100 

86, 300 
est.  <  12,300 
est.  <  10,000 

52, 600 
none  detected 
none  detected 
none  detected 


Inorganics  (ppm) 

Antimony 

Arsenic 

Barium 

Beryllium 

Cadmium 

Chromium 

Cobalt 

Lead 

Mercury 

Nickel 

Selenium 

Vanadium 


not  reported 

36.5 
not  reported 
not  reported 
1.6 

1,324 
not  reported 

1,500 
not  reported 

245 
not  reported 
not  reported 


est .  2 

12.03 

36.27 

.126 

.629 

1,226 

3.63 

437 

.25 

50.5 

.636 

28.4 


Appendix  A 


u 


Thesis 

L884 

c.l 


Lubbers 

Biodegradation  of  hydro- 
carbons as  a  remediation 
method  for  petroleum  con- 
taminants in  the  environ- 
ment or  as  a  treatment 
method  for  petroleum 
wastes. 


Thesis 

T,B84 

c.l 


Lubbers 

Biodegradation  of  hydro- 
carbons as  a  remediation 
method  for  petroleum  con- 
taminants in  the  environ- 
ment or  as  a  treatment 
method  for  petroleum 
wastes. 


